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PEEFACE  TO  THE  FIKST  EDITION. 


The  poipose  of  this  book  is  to  explain  the  scientific  principles  of 
the  action  of  **  Peimb  MoYSBSy**  or  machines  for  obtaining  motive 
power^  and  to  show  how  those  principles  are  to  be  applied  to 
practical  questions. 

It  has  been  deemed  advisable  to  prefix  to  the  Treatise  a  very 
hnd  Historical  Sketch,  relating  chidly  to'  the  Steam  Engine,  the 
only  prime  mover  whose  histoiy  is  known. 

The  body  of  the  work  commences  with  an  Introduction,  treating 
of  principleg,  and  of  mechanical  contrivances,  which  are  common 
to  all  prime  movers,  and  of  the  laws  of  the  strength  of  materials, 
80  fiir  as  they  are  applicable  to  those  machine&  Some  passages 
in  the  Introduction  are  extracted  firom  a  previous  Treatise  on 
Applied  Mechamca,  and  abridged  or  amplified  as  may  be  required, 
in  order  to  suit  the  purpose  of  the  present  Treatise.  Such  passages 
are  indicated  by  the  letters  A,  M,y  with  a  reference  to  the  number 
of  the  corresponding  Article  in  that  work. 

The  first  part  following  the  Introduction  treats  of  the  use  of 
muscular  strength  to  obtain  motive  power. 

The  second  part  treats  of  prime  movers  driven  by  the  motion  of 
^i^ater  and  of  air,  including  water-pressure  engines,  waterwheels, 
turbines,  and  windmill& 

The  third  and  largest  part  treats  of  engines  driven  by  the  me- 
chanical action  of  heat,  and  especially  of  the  steam  engine.  It  ex* 
plains,  in  the  first  place,  the  phenomena  of  heat,  so  fiur  as  they  afiect, 
directly  or  indirectly,  mechanical  action  in  engines;  secondly, 
the  laws  of  combustion  and  properties  of  fuel,  and  the  principles 
upon  which  economy  of  fuel  depends;  thirdly,  the  laws  of  the 
action  of  heat  in  producing  motive  power,  or  '^  Principles  of 
Thebxodtnamigs,''  as  applied  to  the  various  engines  in  which  that 
tction  takes  place,  and  especially  to  steam  engines  of  all  varieties; 
fourthly,  the  nature  and  action  of  the  parts  of  furnaces  and  boilers; 
fifthly,  the  nature  and  action  of  the  mechanism  of  steam  engines.^^ 

The  fourth  part  explains  the  principles  of  the  action  of  electro- 
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magnetic  engines';  but  veiy  briefly,  in  consideration  of  their  small 
importance  as  prime  movers,  and  absence  of  economy;  the  true 
practical  use  of  electro-magnetism  being,  not  to  diive  machinery, 
•but  to  make  signals;  and  the  subjeoli  of  tel^raphy  being  foreign 
to  the  purpose  of  this  work. 

The  principles  of  thermodynamics,  or  the  science  of  the  me- 
chanical action  of  heat,  are  explained  in  the  third  chapter  of  the 
third  part  more  fully  than  would  have  been  necessary  but  for  the 
£5ict,  that  this  is  the  flrst  systematic  treatise  on  that  science  which 
has  ever  appeared;  the  only  previous  sources  of  information  re- 
garding it  being  detached  memoirs  in  the  transactions  of  learned 
societies,  and  in  scientific  journals.* 

The  experimental  and  practical  examples  used  to  illustrate  the 
application  of  the  principles  of  that  science,  and  of  rules  and  tables 
deduced  £rom  them,  are,  to  a  considerable  extent,  taken  from  the 
Author's  personal  observations  of  the  performance  of  marine  engines. 

At  the  end  of  the  book,  as  well  as  interspersed  through  it, 
are  various  tables,  useful  in  calculations  respecting  prime  movers, 
especially  the  steam  engine;  and  many  of  those  tables  contain 
results  which  have  never  before  been  published. 

The  Author  has  endeavoured  to  the  best  of  his  ability  and 
recollection  to  acknowledge,  in  the  course  of  the  book,  the  sources 
from  which  he  has  derived  information.  For  much  of  that  informa- 
tion, for  opportunities  of  inspecting  furnaces,  boilers,  and  engines, 
and  of  making  experiments,  and  in  some  cases  for  drawings  of 
engines,  which  have  been  reduced  to  a  small  scale  to  illustrate  this 
work,  he  has  to  return  his  most  gi-ateful  thanks  to  many  engineers, 
shipbuilders,  manufacturers,  and  men  of  science. 

Glasgow  University,  S2d  September,  1859,  W.  J.  M.  R. 

The  Seventh  Edition  has  been  carefully  revised,  and  augmented 
by  information  relating  to  recent  discoveries  and  inventions. 

E.  F.  B. 

Glasgow,  March^  1874. 

♦  Since  the  above  wag  written,  several  treatises  on  Thermodynamics  have  appeared; 
amongst  which  mar  be  specified,  in  German,  the  works  of  Clansins  and  of  Zenner;  in 
French,  those  of  Him,  Saint-Bobert,  Carin,  and  Briot;  in  Englidi,  those  of  Balfour 
Stewart,  and  of  Tait— the  last-mentioned  book  being  valuable  for  its  clear  summary  of 
the  different  methods  followed  by  Uie  original  investigators  of  the  subject. 
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Nations  are  wrongly  accused  of  having,  in  the  most  ancient  times, 
Lononred  and  remembered  their  conquerors  and  tyrants  only,  and 
of  having  neglected  and  foigotten  their  benefactors,  the  inventors 
of  the  uaefiil  arts.  On  the  contrary,  the  want  of  authentic  records 
of  those  benefsu^rs  of  mankind  has  arisen  &om  the  blind  excess  of 
admiration,  which  led  the  heathen  nations  of  remote  antiquity  to 
treat  their  memory  with  divine  honours,  so  that  their  real  history 
has  been  lost  amidst  the  fables  of  mythology. 

During  a  period  leas  remote,  but  still  ancient,  the  improvers  of 
the  mechanical  arts  were  n^lected  by  biographers  and  historians, 
from  a  mistaken  prejudice  against  practice,  as  being  inferior  in 
dignity  to  contemplation;  and  even  in  the  case  of  men  such  as 
Archytas  and  Archimedes,  who  combined  practical  skill  with 
scientific  knowledge,  the  records  of  their  labours  that  have  reached 
our  times  give  but  vague  and  imperfect  accounts  of  their  mechanical 
inventions,  which  are  treated  as  matters  of  trifling  importance  in 
comparison  with  their  philosophical  speculations.*  The  same  pre- 
judice, prevailing  with  increased  strength  during  the  middle  ages^ 
and  aided -by  the  prevalence  of  the  belief  in  sorcery,  rendered  the 
records  of  the  progress  of  practical  mechanics,  until  about  the  end 
of  the  fifteenth  century,  almost  a  blank. 

Those  remarks  apply,  with  peculiar  force,  to  the  history  of  those 
machines  called  prime  kovebs,  by  whose  aid  power  or  enei^  is 
derived  &om  natural  sources,  and  made  to  perform  work  for  human 
purposes.  It  would  be  vain  to  attempt  to  trace  the  history  of  the 
^^lication  of  muscular  power,  water  power,  or -wind  power,  to  the 
living  of  Biachinery.  Witi^  the  exception  of  the  air  engine  and 
some  othel^  heat  engines,  and  the  electro-magnetic  engine,  which 
are  still  in  their  in£uicy,  the  steak  engine  is  i£e  only  prime  mover 
whose  history  is  known  with  any  certainty;  and  even  its  origin  is 
lost  in  antiquity.  gtized  by Google 

The  pfuUished  writings  on  the  history  of  the  steam  engin^are 
TOj  numerous.    They  are  to  be  found  at  the  commencement  of  all 
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the  lam  treatises  on  the  steam  engine,  such  as  Fare/s,  Tredgold's, 
and  l£c.  Bourne's; — and  of  articles  on  the  same  subject,  and  oa 
steam  navigation,  by  Mr.  Scott  BusselL  The  most  complete  col- 
lection of  accounts  of  various  inventions  is  Stuart's  History  of  the 
Steam  Engine;  a  book  now  very  scarce.  A  complete  and  exact 
history  of  the  more  important  steps  in  the  progress  of  the  steaxa 
engine  down  to  the  time  of  Watt,  and  of  the  inventions  of  Watt 
himself  is  contained  in  Mr.  Muirhead's  Medianical  Inventions  of 
James  Watt,  and  Life  ofJaoMS  Watt;  works  spedaUy  distinguished 
by  the  fullness  and  precision  with  which  original  documents  and 
authorities  for  facts  are  cited  It  is  impossible  to  pursue  the  same 
course  within  the  limits  of  the  present  essay,  which  is  only  a 
brief  summary  of  the  leading  events  in  the  history  of  the  steam 
engine. 

^  The  earliest  written  account  of  mechanism  in  which  heat  is  made 
to  perform  work  by  means  of  steam,  is  contained  in  the  Fneumalic9 
of  Hero  of  Alexandria^  who  flourished  about  130  B.a  That  author 
describes  a  rotatory  engine,  or  steam  turbine,  driven  by  the  reaction 
of  jets  of  steam  issuing  from  orifices  in  revolving  arms,  and  also  an 
engine  in  which  the  pressure  of  steam,  or  of  heated  air  and  vapour 
mixed^  is  made  to  raise  liquid  by  expelling  it  from  a  receiver.  An 
apparatus  similar  to  the  last  is  described  by  Giovanni  Battista 
della  Porta,  in  his  Pnevmaiics,  published  in  1601,  with  this 
addition,  that  the  condensation  of  steam  within  a  close  vessel  is 
described  as  a  means  of  producing  a  vacuum,  and  thereby  causing 
water  to  ascend  and  fill  the  vessel  A  French  engineer,  Solomon 
de  Cans,  in  a  work  entitled  Les  Raisons  dee  Forces  Mouvantes, 
published  in  1615,  described  a  machine  for  propelling  a  jet  of 
water  to  a  great  height  by  the  pressure  of  steam  evaporated  in  the 
same  vessel  from  which  the  water  was  ejected  In  1629,  Branca 
described  an  engine,  in  which  a  wheel  was  driven  round  by  the 
impulse  of  steam  against  vanes.  The  Marquis  of  Worcester,  in  his 
work  called  A  Centwry  of  the  Names  a/nd  Scantlings  of  InvenJtione^ 
&a,  published  in  1663,  described  a  machine  for  raising  water  by 
the  pressure  of  steam.  So  far  as  the  description  is  intelligible,  it 
appears  that  this  machine  differed  from  that  of  De  Cans,  in  having 
a  separate  boiler  for  the  production  of  the  steam  which  forced 
water  out  of  other  vessels;  and  it  appears  further,  from  the  Diary 
of  Cosmo,  Grand  Duke  of  Tuscany,  that  the  machine  of  the 
Marquis  of  Worcester  had  been  constructed,  and  was  in  operation 
at  YauxhaU,  in  1656.  It  is  probable,  that  in  the  time  of  the 
Marquis  of  Worcester,  the  action  of  steam  in  exerting  a  great  pres- 
sure when  confined  within  a  limited  space,  and  the  possibility  of 
raising  water  to  a  height  by  means  of  it,  had  become  generally  known 
to  persons  acquainted  witii  mechanics,  and  that  the  original  part 
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«f  Mb  macbine  was  the  separate  boiler,  without  which  it  would 
have  been  practicallj  uselees.  About  1697,  Saveiy  invented  an 
engine  in  which  water  was  not  only  (as  in  that  of  Worcester)  forced 
above  the  level  of  the  engine  by  the  pressure  of  the  steam  from  a 
sq)arate  boiler,  but  was  idso  nused  to  the  level  of  the  engine,  from 
a  lower  level,  by  the  pressure  of  the  atmosphere,  after  the  conden- 
sation of  the  steam  in  the  water  receiver  by  means  of  cold  water 
ertemally  applied.  This  engine  was  extensively  used  for  draining 
mines.  In  all  the  machines  hitherto  described,  the  steam  either 
acted  by  its  momentum  alone,  or  by  pressing  directly  on  the  surfieuse 
of  water.  The  first  invention  of  the  impoi'tant  idea  of  making 
steam  afford  the  means  of  driving  a  piston,  which  should  com- 
municate motion  to  mechanism,  appears  to  be  due  to  Denis  Papin, 
who,  abont  the  year  1690,  constructed  a  working  model,  consisting 
of  a  vertical  cylinder  with  a  piston.  In  the  lower  part  of  the 
cylinder  was  placed  a  small  quantity  of  water.  On  placing  a  fire 
under  the  cylinder,  the  water  evaporated  and  lifted  the  piston;  on 
removing  the  fire  from  the  cylinder,  or  the  cylinder  from  the  fire, 
the  steam  was  condensed,  and  the  piston  forced  down  by  the  pre^ 
sure  of  the  atmosphere.  Papin  proposed  that  engines  on  this 
principle  should  be  made  to  work  pumps,  and  also,  by  means  of 
rack  and  pinion  work,  and  ratchet  wheels,  to  drive  paddle  wheels  of 
vessels,  and  other  revolving  mechanism.  Papin  had,  about  ten 
years  before,  invented  the  safety  valve  for  boilers.  In  1705,  New- 
comen,  Saveiy,  and  Cawley  combined  the  cylinder  and  piston  with 
the  separate  boiler,  and  with  sur&ce  condensation,  and  produced 
the  well  known  atmospheric  engine  for  pumping  mines.  They 
afterwards  rendered  the  condensation  more  rapid  and  complete  by 
injecting  a  shower  of  cold  water  into  the  interior  of  the  cylinder. 
Apparatus  for  enabling  the  engine  to  open  and  shut  its  own  valves 
was  introduced  by  Himiphiy  Potter,  and  improved  by  Beighton* 
The  high  pressure  engine  was  invented  in  1725,  by  Leupold. 
About  1770,  the  detaUs  of  the  atmospheric  engine  were  much 
improved  by  Smeaton,  until  it  became,  considering  the  general 
condition  of  practical  mechanics  at  the  time,  a  very  perfect  machine 
in  workmanship  and  mechanism. 

[Fig.  L  shows  a  vertical  section  of  the  principal  parts  of  Savery^s 
eiSgine : — a>  receiver,  in  which  the  steam  presses  on  the  surface  of 
the  water;  6,  ascending  pipe;  c  d,  clacks  opening  upwards;  f, 
boiler;  g^  steam  pipe  from  boiler  to  receiver;  A,  cock,  to  open  and 
dose  it;  ik,  flues;  I  m,  gauge  cocks  to  ascertain  the  water  level; 
fi,  safety  valve  (it  is  doubtful,  however,  whether  Saveiy  used  the 
safety  valve);  o,  condensing  cock,  to  let  a  stream  of  cold  water  fiall 
on  the  receiver,  and  condense  the  steam.  The  engine  was  worked 
by  opening  and  closing  the  cocks  h  and  o  alternately.    On  opening 
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A,  steam  fi-om  the  boiler  forced  the  water  from  the  receiver  a  up 
through  the  pipe  6;  on  closing  h  and  opening  o,  the  steam  was 


A- 


.-J     'i-i^.  ^.    J-       'I5JD 


'S-iiii^tii;^.----^ 


Fig.  1. — Savery's  Engine. 

condensed,  and  the  pressure  of  the  atmosphere  forced  water  np 
through  the  clack  cf,  so  as  to  fill  the  receiver  again. 

Two  improvements  made  by  Savery  on  his  engine  aire  not 
shown  in  the  figure :  a  second  receiver,  similar  to  a,  and  standing 
aloitgside  of  it,  to  be  filled  and  emptied  alternately  with  a,  so  as  to 
keep  up  a  continuous  stream  of  water;  and  an  auxiliary  boiler,  or 
heating  vessel,  in  which  water  was  heated  before  being  supplied  to 
the  principal  boiler  f,  and  from  which  the  water  was  forced  into/ 
by  the  pressure  of  steam  when  required. 

Fig.  11.  is  Newcomen's  atmospheric  engine  in  its  earliest  form. 
a,  beam  or  lever;  b,  boiler;  c,  lever  wall;  rf,  pump  rod  chain;  e, 
pump  rod;  /,  furnace;  g  g,  counterpoise;  h,  cylinder;  p,  steam 
pipe;  u,  steam  cock;  I,  teiik  for  condensation  water;  m,  its  supply 
pipe,  coming  from  the  pump  in  the  pit;  n,  condensation  water 
pipe;  o,  cock;  q,  dischai^  pipe  for  water  fi-om  cylinder,  leading 
downwards  to  a  point  thirty-four  feet  below  it  (being  one  atmo* 
sphere  of  water);  *,  piston  rod;  Xy  piston  rod  chain;  y  z,  sectors 
on  ends  of  beam. 

For  an  example  of  the  atmospheric  engine  in  its  onost  perfect 
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rtate,  reference  may  be  made  to  tiie  description  and  drawing  of  the 
"  long  Benton  engine  "  in  Smeaton's  repoits. 


Fig.  IL — Newcomen's  Atmospheric  Engine. 

-Pig.  HL  is  Leupold*8  proposed  hi^  pressnre  engine,  "with  a  pair 
Off  cylindeTB  in  which  the  steam  acts  altematelj,  being  admitted 
and  discharged  by  a  "  four-way-codc" 

In  the  history  of  mechanical  art  two  modes  of  progress  may  be 
distinguished — the  empirical  and  the  scientific.  Not  the  practical 
and  the  IheorHiCy  for  that  distinction  is  fallacious :  all  real  progress 
in  mechanical  art,  whether  theoretical  or  not,  must 'be  practical. 
The  true  distinction  is  this :  that  the  empirical  mode  of  progress 
is  purely  and  simply  practical;  the  scientific  mode  of  progress  is 
at  once  practical  and  theoretic. 

Eknpirical  progress  is  that  which  has  been  going  on  slowly  and 
continnally  fn>m  the  earliest  times  to  the  present  day,  by  means  of 
gradual  amelioration  in  materials  and  workmanship^  of  small  suc- 
cessive augmentations  of  the  siz6  of  structures  and  power  of 
machines,  and  of  the  exercise  of  individual  ingenuity  in  matters  of 
detail  This  mode  of  progress,  though  essential  to  the  perfecting 
of  mechanical  art  in  its  details,  is  condned  to  making  small  altera- 
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tions  on  existing  examples,  and  is  consequently  limited  in  tlie  range 

of  its  effects. 

Scientific  progress  in  the  mechanical  arts  takes  pkce,  not  con- 
tinuously, but  at  inter- 
vals, often  distant,  and 
by  great  efforts.  When 
the  results  of  experience 
and  observation  on  the 
properties  of  the  ma- 
terials which  are  used, 
and  on  the  laws  of  the 
actions  which  take  place, 
in  a  class  of  machines, 
have  been  reduced  to  a 
science,  then  the  im- 
provement of  such  ma- 
chines is  no  loDger  con- 
fined to  amendments  or 
enlargements  in  detail  of 
previously  existing  ex- 
amples ;  but  from  the 
principles  of  science  prac- 
tical rules  are  deduced, 
showing  not  only  how  to 
bring  the  machine  to  the 
con£tion  of  greatest  efi&- 
ciency  consistent  with 
the  available    materials 


Fig.  IIL—Leopold's  Engine. 


and  workmanship,  but  also  how  to  adapt  it  to  any  combination  of 
circumstances,  how  different  soever  from  those  which  have  pre- 
viously occurred.  When  a  sreat  advance  has  thus  been  made  by 
scientific  progress,  empirical  progress  again  comes  into  play,  to 
perfect  the  results  in  their  details. 

Up  to  the  period  when  Smeaton  perfected  the  atmospheric 
engine,  the  progress  of  the  "  fire  engine,"  as  the  steam  engine  was 
then  c&Qed,  had  been  merely  empirical;  and  in  everything  that 
depended  on  principle,  the  steam  engine  of  that  period  was  a  most 
rude,  wasteful,  and  inefficient  machine.  Then  came  the  time 
when  science  was  to  effect  more  in  a  few  years  than  mere  em- 
pirical  progress  had  done  in  nineteen  centuries.  In  1759,  James 
Watt  had  his  attention  directed  by  Bobison  to  the  subject  of  the 
steam  engine,  and  for  a  few  years  afterwards  made  various  experi- 
ments on  the  properties  of  steam.  In  1763  and  1764,  Watt,  while 
engaged  in  the  repair  of  a  small  model  of  Newcomen's  engine 
(belonging  to  the  University  of  Glasgow,  and  since  preserved  bv 
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that  Uniyenity  as  the  most  predoos  of  xeUos),*  perodiyed  the 
Tuioiu  defects  of  that  machine,  and  ascertained  by  experiment  their 
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causes.  Watt  set  to  work  scientifically  from  the  first  He  studied 
the  laws  of  the  pressure  of  elastic  fluids,  and  of  the  evaporating 
action  of  heat,  so  far  as  they  were  known  in  his  time;  he  ascer- 
tained as  accurately  as  he  could,  with  the  means  of  experimenting 
at  his  disposal,  the  expenditure  of  fuel  in  evaporating  a  given 
quantity  of  water,  and  the  relations  between  the  temperature, 
pressure,  and  volume  of  the  steam.  Then  reasoning  from  the  data 
which  he  had  thus  obtained,  he  framed  a  body  of  principles  expres- 
sing the  conditions  of  the  efficient  and  economic  working  of  the 
steam  engine,  which  are  embodied  in  an  invention  described  by 
himself  in  the  following  words,  in  the  specification  of  his  patent  of 
1769:— 

'^  My  method  of  lessening  the  consumption  of  steam,  and  conse- 
quentiy  fuel,  in  fire  engines,  consists  of  the  following  principles : — 

^^Fvrsty  That  vessel  ill  which  the  powers,  of  steam  are  to  be 
employed  to  work  the  engine,  which  is  called  the  cylinder  in  com- 
mon fijre  engines,  and  which  I  call  the  steam  vessel,  must,  during 
the  whole  tmie  the  engine  is  at  work,  be  kept  as  hot  as  the  steam 
that  enters  it;  first,  by  inclosing  it  in  a  case  of  wood,  or  any  other 
materials  that  transmit  heat  slo'^ly;  secondly,  by  surrounding 
it  with  steam  or  other  heated  bodies;  and  tlurdly,  by  suffering 
neither  water  nor  any  other  substance  colder  than  the  steam,  to 
enter  or  touch  it  during  that  time. 

^^  Secondly,  In  engines  that  are  to  be  worked  wholly  or  partially 
by  condensation  of  steam,  the  steam  is  to  be  condensed  in  vessels 
distinct  from  the  steam  vessels  or  cylinders,  although  occasionally 
communicating  with  them;  these  vessels  I  call  conden8ei*s;  and, 
whilst  the  engines  are  working,  these  condensers  ought  at  least  to 
be  kept  as  cold  as  the  air  in  the  neighbourhood  of  the  engines,  by 
application  of  water,  or  other  cold  bodies. 

"  Thirdly i  Whatever  air  or  other  elastic  vapour  is  not  condensed 
by  the  cold  of  the  condenser,  and  may  impede  the  working  of  the 
engine,  is  to  be  drawn  out  of  the  steam  vessels  or  condensers  by 
means  of  pumps,  wrought  by  the  engines  themselves,  or  otherwise. 

"FourMyy  I  intend,  in  many  cases,  to  employ  the  expansive 
force  of  steam  to  press  on  the  pistons,  or  whatever  may  be  used 
instead  of  them,  in  the  same  manner  in  which  the  pressure  of  the 
atmosphere  is  now  employed  in  common  fire  engines.  In  cases 
where  cold  water  cannot  be  had  in  plenty,  the  engines  may  be 
wrought  by  this  force  of  steam  only,  by  discharging  the  steam  into 
the  air  after  it  has  done  its  office. 

^'LaaUy,  Instead  of  using  water  to  render  the  pistons  and  other 
parts  of  the  engines  air  and  steam   tight,  I  employ  oils,  wax 
resinous  bodies,  fat  of  animals,  quicksilver,  and  other  metala  in 
their  fluid  state."  '  Dig  tized  by  GoOglc 


8TBAM  NAYIOATION.  XXIU 

The  expense  of  carrying  out  of  Watt'g  inrention  was  at  firsfe 

de&ayed  by  Dr.  John  Roebuck,  the  original  projector  of  the  Canxm 

Iron  Works.     On  hia  retirement  from  the  enterprise^  his  place  vmB 

taken  by  Matthew  Boulton  of  Birmingham,  whose  liberality  and 

energy  furnished  all  that  was  necessary  to  render  the  genius'  csi 

Watt  practically  availabla     Pew  patents  have*  had  their  validity 

more  obstinately  contested  than  that  of  Watt's  great  invention; 

and  the  successful  result  of  the  trials  of  which  it  was  the  subject 

has  greatiy  contributed  to  ascertain  and  fix  the  interpretation  of 

the  patent  laws.     In  1769,  Watt  had  invented  the  cutting-off  the 

admission  of  steam,  so  as  to  make  it  work  expansively,  as  appears 

&om  a  letter  of  his  to  lus  friend  Dr.  SmalL     He  b^;an  to  use  that 

invention  in  1776,  but  did  not  publish  it  till  1782,  when  he 

patented  along  with  it  his  invention  of  the  double  acting  engina    It 

is  certain  that  before  1778,  Watt  had  invented  the  double  acting 

steam  engine,  and  the  application  of  the  crank  to  the  steam  engine ; 

but  the  latter  invention  having  been'  pirated  and  patented  by 

another.  Watt  invented  and  patented  otiier  methods  of  producing 

rotatory  from  reciprocating  motion,  which  were  used  imtil  the 

patent  for  the  crank  expired;  after  which  time  the  use  of  the  orank 

became  general.  *^  The  adaptation  of  the  steam  engine  to  the  pro* 

dnction  of  rotatory  motion  was  iAie  crowning  improvement,  wlbich 

led  to  its  employment  as  the  prime  mover  of  every  kind  of 

mechanism.     In  1784,  Watt  patented  and  published  his  inventions 

of  the  parallel  motion,  the  counter  for  recording  the  strokes  of 

engines,  the  throttle  valve,  the  governor  for  regulating  the  speed, 

and  the  indicator  for  ascertaining  the  power,  and  also  a  locomotive 

engine;  which  last,  however,  he  did  not  put  in  practice.     The 

improvements  on  the  steam  engine  since  the  time  of  Watt  have 

chiefly  related  either  to  the  boiler  and  furnace,  to  the  details  of  the 

mechanism,  to  the  more  full  development  of  Watt's  principle  of 

using  the  expansive  force  of  the  steam  to  drive  the  piston,  or  to 

the  means  of  applying  the  steam  engine  to  the  propulsion  of 

carriages  and  ships.     The  double  cylinder  engine  was  invented  by 

Homblower  in  1781,  and  was  afterwards  combined  with  Watt's 

condenser  by  Woolf. 

The  history  of  the  application  of  the  steam  engine  to  the  propul- 
sion of  ships  has  been  brought  into  a  very  complete  state  by  the 
compilation,  imder  the  direction  of  Mr.  Woodcrofb,  of  abridgments 
of  patents  for  marine  propulsion,  together  with  various  documents 
relative  to  inventions  of  that  class  not  patented  in  Britain* 

It  appears  from  the  correspondence  between  Papin  and  Leibnitz^ 
that  Papin  was  present,  in  1698,  at  a  trial  of  a  boat  propelled  by  a 
machine  contrived  by  Savery,  in  which  paddle  wheels  were  driven 
by  a  water  wheel,  whidt  was  itself  driven  by  water  raised  by  means 
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of  Say  erf  B  steam  engine,  already  mentioned;  and  also  that  Papin 
himeel^  in  1707,  made  either  a  veesel  or  a  model  of  a  vessel  (it  is 
not  dear  which)  on  a  similar  plan,  with  which  he  was  on  his  way 
by  the  Folda  and  Weser  to  England,  when  it  was  taken  from  him 
and  destroyed  by  boatmen. 

In  1736,  Jonathan  Hulls  patented  a  steam  vessel  in  which  paddle 
wheels  were  driven  by  ratchet  work,  acted  upon  by  chains  or  ropes 
attached  to  the  pistons  of  atmospheric  cylinders. 

In  1752,  Daniel  Bemouilli  invented  a  form  of  screw  propeller, 
which  he  proposed  to  drive  by  a  steam  engine. 

In  1781  and  1783,  the  Marquis  de  Jouffiroy  executed  and  used 
upon  the  Rhone  two  steam  vessels  of  considerable  size — ^in  the  first 
of  which  paddle  wheels  were  driven  by  chains,  and  in  the  second 
by  rack  work.  They  are  said  to  have  realized  a  considerable 
speed. 

The  early  attempts  at  steam  navigation  made  in  France  by  the 
Marquis  de  Jouffroy  iu  1781  and  1783,  in  America  by  Rumsey 
and  Fitch  about  1783  and  1784,  and  in  Scotland  in  1788  and 
1789,  by  Miller  of  Dalswinton,  Taylor,  and  Symington,  appear 
to  have  failed  chiefly  because  of  the  imperfect  nature  of  the 
means  employed  for  the  transmission  of  motion  from  the  piston  to 
the  propeller.  In  fact,  Watt*s  invention  of  the  rotative  engine, 
which  effects  that  transmission  smoothly  and  without  shocks,  was 
an  indispensable  step  towards  the  success  of  steam  navigation. 
Symington,  instructed  by  the  previous  failure  of  his  engine  ii^  Mil- 
ler's boat,  availed  himself  of  that  invention,  when  he  built  for  Lord 
Dundas,  in  1801,  the  ^'Charlotte  Dundas,"  which  was  used  in  1802 
on  the  Forth  and  Clyde  Canal,  with  complete  success  as  a  tug,  but 
abandoned  owing  to  an  apprehension  on  the  part  of  the  directors  of 
injuiy  to  the  banks.     The  "  Charlotte  Dundas**  (fig.  Y.)  had  one 
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Fig.  v.— The  ••Chtrlolte  Dundas,**  1801-2. 
paddle  wheel  near  the  stem,  driven  by  a  direct  acting  horizontal 
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engine,  with  a  connecting  rod  and  crank.  The  arrangement  of 
her  mechanism  was  such  as  woidd  be  considered  creditable  at  the 
present  day;  and  she  has  been  justly  styled  by  Mr.  Woodcroft 
*'  the  first  practical  steamboat." 

Fulton  having  made  himself  well  acquainted  with  what  had  been 
previously  done  in  steam  navigation,  began  to  experiment  with  a 
small  paddle  steamer  in  1803.  In  1804,  Stevens  ran  a  steamer 
between  New  York  and  Hoboken,  with  a  screw  propeller,  driven 
by  one  of  Watt's  engines. 

The  estabHshment  of  steam  navigation  as  a  remunerative  art 
was  first  effected  in  America,  by  Fulton,  in  1807,  on  the  East 
river;  and  in  Europe,  by  Bell,  in  1812,  on  the  Clyde.  Fulton*8 
vessel,  the  "  Clermont,"  was  propelled  by  paddles,  driven  by  an 
engine  made  by  Boulton  and  Watt.  Bell's  vessel,  the  "  Comet," 
was  propelled  by  two  pairs  of  paddle-wheels,  driven  by  an  engine 


Fig.  VI The  "Comet,"  1811-12. 

of  peculiar  design  (fig.  YII.)  Since  that  period  the  advance- 
ment of  steam  navigation  has  consisted  not  so  much  in  the 
development  of  new  principles,  as  in  the  improvement  of  work- 
manship, arrangement,  and  economy  of  fuel,  and  tbe  progressive 
increase  of  the  size,  power,  and  speed  of  steam-ships,  and  the 
extent  of  their  voyages — the  climax  at  the  present  time  being 
the  "Great  Eastern,"  680  feet  long,  83  feet  broad,  drawing  about 
24  feet  of  water  when  loaded,  displacing  20,000  tons  of  water, 
having  engines  tlyit  work  up  to  more  than  8,000  indicated  horse- 
power, and  being  capable  of  carr3ring  coals  for  a  voyage  round 
the  world — ^which  last  quality,  as  Mr.  Scott  Eussell  has  stated, 
is  the  object  of  her .  enormous  bulk.  The  highest  speed  attained 
b^  steamers  is  about  18  nautical  miles,  or  21  statute  miles,  an 
hour. 

The  application  of  the  steam  engine  to  locomotion  on  land  was, 
according  to  Watt,  suggested  by  Robison,  in  1759.     In  1784,  Watt 
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patented  a  locomotive  engine,  which,  however,  he  never  executed. 
About  the  same  time  Murdoch,  assistant  to  Watt,  made  a  very 


Fig.  VII.— Engine  of  the  "Comet,"  1811-12. 

<»fficient  working  model  of  a  locomotive  engina  In  1 802,  Ti*evithick 
and  Vivian  patented  a  locomotive  engine,  which  was  constructed 
and  set  to  work  in  1804  or  1805.  It  travelled  at  about  five  miles 
an  hour,  with  a  net  load  of  ten  tons.  The  use  of  fixed  steam 
engines  to  drag  trains  on  i-ailways  by  ropes,  was  introduced  by  Cook 
in  1808. 

After  various  inventors  had  long  exerted  their  ingenuity  in 
vain  to  give  the  locomotive  engine  a  firm  hold  of  the  track  by- 
means  of  rackwork-rails,  and  toothed  driving  wheels,  legs,  and 
feet,  and  other  contrivances,  Blackett  and  Hedley,  in  1813,  made 
the  important  discovery  that  no  such  aids  are  required,  the 
adhesion  between  smooth  wheels  and  smooth  rails  being  sufi&dent. 
To  adapt  the  locomotive  engine  to  the  great  and  widely  varied 
speeds  at  which  it  now  has  to  travel,  and  the  varied  loads  which 
it  now  has  to  draw,  two  things  are  es.sential — that  the  rate  of 
combustion  of  the  fuel,  the  original  source  of  the  power  of  the 
engine,  shall  adjust  itself  to  the  work  which  the  engine  has  to 
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perfbnn,  and  shall,  when  required,  be  capable  of  being  increaped  to 
many  times  the  rate  at  which  fuel  is  burned  in  the  furnace  of  a 
fltationaiy  engine  of  the  same  size;  and  that  the  surface  through 
"which  h^  is  communicated  from  the  burning  fuel  to  the  water 
shall  be  veiy  large  compared  with  the  bulk  of  the  boiler.  The  first 
of  these  objects  is  attained  by  the  Uast-pipe,  invented  and  used  by 
George  St^henson  before  18^5;  the  second,  by  the  tubular  boiler, 
invented  about  1829,  simultaneously  by  S^guin  in  France  and  Booth 
in  England,  and  by  the  latter  suggested  to  Stephenson.  On  the  6th 
October,  1829,  occurred  that  fiunous  trial  of  locomotive  engines, 
when  the  prize  offered  by  the  directors  of  the  Liverpool  and  Man- 
chester Bailway  was  gained  by  Stephenson's  engine,  the  "  Rocket," 
the  parent  of  the  swift  and  powerful  locomotives  of  the  present.day, 
in  whick  the  blast-pipe  and  tubular  boiler  are  combined.  (Fig. 
Tin.)    Since  that  time  the  locomotive  engine  has  been  varied  and 


Fig.  VIIL—The  "Rocket,"  1829. 

improved  in  various  details,  and  by  various  engineers.     Its  weight 

now  ranges  from  five  tons  to  sixty  tons ;  its  IcMLd  from  fifty  to  five 

hundred  tons;  its  speed  from  ten  miles  to  sixty  miles  an  hour.      [p 

The  reduction  of  the  laws  which  connect  heat  with  mechanical 
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enei^  to  a  physical  theory,  or  connected  system  of  piinciples, 
called  the  science  of  Thermodynamics,  is  of  recent  date,  and,  in 
many  respects,  may  be  considered  to  be  still  in  prc^gress.  The  steps 
in  reasoning,  and  in  experimental  knowledge,  which  have  gradually 
led  to  the  formation  of  that  sjrstem  of  principles,  are  d^cult  to 
trace,  and  more  difficult  to  separate  from  the  history  of  the  two 
kinds  of  mechanical  hypotheses  which  have  been  propped  as  means 
of  deducinff  the  laws  of  heat  from  those  of  motion  and  force; 
for  one  of  &ose  hypotheses — ^that  which  supposes  the  phenomena  of 
heat  to  be  caused  by  the  presence,  in  greater  or  less  quantity,  of  a 
substance  called  "caloric'' — ^has  been  the  chief  impediment  to  the 
progress  of  the  accurate  knowledge  of  the  laws  of  the  relations 
between  heat  and  motive  power;  while  the  other  hypothesis,  whidi 
supposes  the  phenomena  of  heat  to  be  caused  by  molecular  vibra- 
tions and  revolutions,  has  been  the  means,  in  some  instances,  of 
anticipating  laws,  and  predicting  numerical  results,  which  have 
since  oeen  confirmed  by  experiment,  and  in  others,  of  suggesting 
experiments  wherebv  important  laws  have  been  discovered. 

In  the  stage  which  our  knowledge  has  now  attained,  it  is  possible 
to  express  the  laws  of  thermodynamics  in  the  form  of  independent 
principles,  deduced  by  induction  from  the  facta  of  observation  and 
experiment,  without  reference  to  any  hypothesis  as  to  the  occult 
molecular  operations  with  which  the  sensible  phenomena  may  be 
conceived  to  be  connected;  and  that  course  will  be  followed  in 
the  body  of  the  present  treatise.  But,  in  giving  a  brief  historical 
sketch  of  the  progress  of  thermodynamics,  the  progress  of  the 
hypothesis  of  thermic  molecular  motions  cannot  be  wholly  separated 
firom  that  of  the  purely  inductive  theory. 

The  Aristotelian  hot  element,  as  well  as  the  other  rr»o^i«, 
appears,  so  far  as  we  can  judge,  to  have  been  understood  by 
Aristotle  himself,  not  as  a  suh^mce,  but  as  one  of  the  sUUeg  of 
which  substances  are  susceptible. 

In  the  schokutic  sense  of  the  term  "  ElemenJtum  Ignis^  viz.,  the 
supposed  substance,  afterwards  called  ''  phlogiston*'  and  "  caloric," 
Ckdileo  disputes  the  real  existence  of  anjrthing  corresponding  to  it, 
and  Bacon  declares  it  to  be  one  of  those  "  nonUna  nihUorum**  which 
are  amongst "  Idolafari  molestissiTna"  The  hypothesis  of  molecular 
motions  was  maintained  by  Cralileo,  Bacon,  Boyle,  Daniel  Bernoulli, 
and  Newton,  and  at  a  later  period  by  Eumford,  Davy,  Leslie,  Mont- 
golfier,  S^uin,  Young,  and  Grove.  Eumford  and  Davy  supported 
it  by  most  remarkable  experiments  on  the  production  of  heat  by 
friction — a  phenomenon  which  is  the  key  to  the  whole  science  of 
thermodynamics :  Davy  and  S^guin  endeavoured  to  put  the  mechani- 
cal hypothesis  into  a  definite  form :  Young,  in  his  lectures,  stating 
the  whole  question  in  the  clear  and  forcible  manner  peculiar  to  him. 
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showed  that  the  facts  of  experimeiit,  as  known  in  his  time,  were 
oondiisiye  against  the  hypothesis  of  substantial  caloric.  1  hat  hypo- 
ihedoy  however,  continued  to  hold  its  ground,  and  to  a  certain 
extent  does  so  still — a  fact  which  is  probably  in  a  great  measure 
owing  to  the  ^nployment  of  its  language  in  works  of  reference,  and 
to  the  popnlar  t^dency  to  ascribe  substantive  existence  to  the  sub- 
ject of  a  name.  The  adoption  of  the  hypothesis  of  thermic  molecu- 
lar motions,  and,  what  is  of  more  importance,  the  abandonment  of 
the  hypothesis  cf  substantial  caloric,  have  been  much  promoted  by 
the  series  of  discoveries  which  have  shown,  that  the  communication 
of  light  and  heat  by  radiation,  if  not  actually  consisting  in  the  pro- 
pagation of  molecular  vibratory  movements,  takes  place  according 
to  laws  analogous  to  those  of  the  propagation  of  such  movements, 
and  wholly  at  variance  with  those  of  the  diffusion  of  any  conceivable 
substance. 

A  most  important  step  towards  the  formation  of  a  true  physical 
theory  of  the  relations,  not  only  between  heat  and  motive  power, 
but  between  heat  and  every  other  kind  of  physical  energy,  was 
made  by  Black's  great  discovery  of  latent  heat,  and  by  Watt's  appli- 
cation of  that  discovery  in  the  improvement  of  the  steam  engine. 

The  term  "  latent  heat,**  when  freed  from  hypothetical  notions, 
means,  an  amount  of  that  condition  of  matter  called  heat,  which 
has  disappeared  in  producing  physical  effects  different  from  heat, — 
sach  as  expansion,  fusion,  evaporation,  and  chemical  changes, — and 
which  may  be  made  to  reappear  by  reversing  the  changes  in  which 
such  physical  effects  consi^ed, — that  is,  by  compression,  congela- 
tion, lique&ction  of  vapours,  and  inverse  chemical  changes.  The 
progress  in  the  true  theory  of  thermodynamics,  to  which  this  dis- 
covery might  have  led,  was  for  a  long  time  retarded  by  a  fallacious 
principle,  arising  from  the  hypothesis  of  substantial  ^oric  in  the 
following  manner : — Let  a  substance  change  from  a  less  bulky  to  a 
more  bi3ky  condition,  or  from  the  liquid  to  the  gaseous  state,  or 
generally,  from  the  state  A  to  the  state  B,  that  change  being  of 
sach  a  nature,  that  according  to  Black's  discovery,  heat  disappears, 
and  some  physical  effect  different  from  heat  is  produced.  Let  this 
operation  be  c^ed  (A,  B),  and  let  Hi  be  the  amount  of  heat  which 
disappears.  Next,  let  the  substance  change  back  from  the  state  B 
to  the  original  state  A  :  let  this  change  be  called  (B,  A^.  It  will 
eauae  a  certain  quantity  of  heat  Hq  to  reappear.  If  the  series 
of  intermediate  changes  undergone  by  the  substance  during  the 
process  (B,  A),  be  exactly  the  reverse,  step  for  step,  with  those 
imdergone  during  the  process  (A,  B),  everything  done  by  the 
first  process  will  be  exactly  undone  by  the  second ;  no  perma- 
nent physical  effect  will  ensue  from  the  combined  processes; 
and  the  amount  of  heat  which  reappears,  H^,  must  necessarily  be 
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equal  to  the  amount  of  heat  Hi,  which  formerly  disappeared.  This 
was  understood  from  the  time  of  the  first  discovery  of  latent  heat; 
and  so  £Btr  there  is  no  fidlacy,  but  an  important  truth.  But  it  was 
further  assumed,  that  heat  has  a  substantial  existence,  and  that^ 
consequently,  Hq  =  Hi,  imder  all  circumstances,  even  although,  the 
processes  (A,  B)  and  (B,  A)  should  differ  in  their  intermediate 
steps.  Tms  assumption  leads  to  the  following  paradoxical  result^ 
which  shows  it  to  be  fidlacious.  It  is  known  that  tike  prooess 
{B,  A)  may  be  made  to  differ  from  (A,  B),  in  its  intermediate  steps, 
in  such  a  manner  that  a  permanent  mechanical  effect  shall  be  pro- 
duced by  the  combined  processes.  Now,  if  under  sudi  circum- 
stances Ho  is  assumed  to  be  still  =  H^,  it  follows,  that  by  employing 
the  mechanical  effect  of  the  combined  processes  in  deodopiag  heat 
hf/JricUon,  we  may  increase  the  amourU  of  heat  in  the  umveraef  or 
create  caloric; — a  consequence  opposed  to  the  original  assomptioii 
of  the  substantiality  of  oedoric,  and  proving  that  assumptian  to  be 
self-contradictory. 

That  fisdlacious  assumption  unfortunately  pervaded  the  reaaoningB 
of  Gamot  (son  of  the  great  Gamot),  in  lus  B^exione  sur  la  Fuie- 
eanee  Motrioe  du  Feu  (Paris,  1824^--a  work  which,  notwithstand* 
ing  this  fidlacy,  contains  the  first  discovery  of  an  important  law : — 
that  the  ratio  of  the  greatest  possible  work  performed  by  a  heat  mtgine, 
to  the  iohole  heat  esmendedy  is  ajunction  of  (he  two  liinite  qftemperor 
twre  between  which  the  engine  works,  and  not  of  the  naJtwre  of4he 
substance  employed — (Thomson's  Account  qfCarrw^s  Theory,  Edinb. 
Trans,,  1849,  Vol.  xvi) — ^The  fallacy  referaed  to  prevented  Camot 
from  discovering  what  that  function  of  Uie  limits  of  temperature  is. 
The  phenomenon  of  the  development  of  heat  by  the  motion  of  a 
fluid  possesses  peculiar  advantages  as  a  means  of  ascertaining  the 
relations  between  heat  and  mechanical  power,  owing  to  the  sim- 
plicity of  the  action  which  takes  place;  for  at  the  end  of  the  process 
the  fluid  is  left  exactly  in  the  same  condition  as  it  was  at  the 
beginning;  so  that  the  evolution  of  a  certain  amount  of  heat  is  the 
sole  effect  produced;  and  this  being  compared  with  the  mechanical 
power  expended  in  agitating  the  fluid,  exhibits  in  the  most  simple, 
direct,  accurate,  and  satiefactory  manner  possible,  the  relation 
between  heat  and  mechanical  power.  The  idea  of  subjecting  this 
phenomenon  to  exjierimental  measurement  appears  to  have  been 
flrst  put  in  practice  independently  by  M.  Mayer  in  1842,  and  Mr. 
Joule  in  1843.  The  numerical  results  at  first  obtained  were,  as 
was  to  be  expected  in  a  new  kind  of  experiment,  somewhat  rough 
and  inexact;  but,  by  long  perseverance,  Mr.  Joule  increased  the 
exactitude  of  his  methods  of  experimenting,  until  he  succeeded  in 
ascertaining,  by  experiments  on  the  friction  of  water,  oil,  mercury, 
»ir,  and  other  substances,  to  the  accuracy  of  t^t  of  its  amount^  if 
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not  more  closely  still,  the  mechanical  equivalent  of  a  imU  of  heat; 
l^t  is,  tlie  nuwher  (f  foot-pounds  ofmedwmical  energy  uMch,  vwat 
he  expended  in  order  to  raise  the  tefmperatwK  of  one  pownd  ofvxstar 
by  one  degree.  For  Fahrenheit's  d^ree,  <tihat  quantity  is  772  foot- 
pounds: for  the  Centigrade  degree,  f  x  772  =  1389-6  foot-pounds 
(PhU,  Trans.,  1850).  This,  the  most  iB^K>rtant  numerical  constant 
in  molecular  physics,  heiS  been  styled  by  other  writers  on  the  sub- 
ject "  JouZe's  Equi^ent,"  in  order  that  the  name  of  its  disoorerer 
may  be  perpetuated  by  connection  with  the  most  imperishable  of 
memoiiaJs — a  truth.  Mr.  Joule,  at  the  same  time,  proved  by  ex- 
periment the  law  which  had  previously  been  only  a  matter  of 
speculative  theory  with  others:  that  not  only  heat  and  motive 
power,  but  all  other  kinds  of  physical  energy,  such  as  chemical 
action,  electricity,  and  magnetism,  are  convertible  and  equivalent; 
that  is  to  say,  that  any  one  of  those  kinds  of  energy  may,  by  its 
expenditure,  be  made  the  means  of  developing  any  other  in  certain 
definite  proportions.  Meanwhile,  partly  through  a  theoretical  an- 
ticipation of  this  law,  and  partly  through  the  inSuenoe  of  the  hypo- 
thesis of  mdleofular  motions  as  applied  to  heat,  the  formation  of  a 
systematic  theory  of  the  relations  between  heat  and  motive  power 
advanoed.  Messrs.  Helmholtz  and  Waterston  may  be  referred  to 
as  having  uided  that  progress.  The  investigations  of  the  Count  de 
Pambour  on  -die  theoiy  of  the  steam  engine,  although  not  involv- 
ing the  disoov^y  of  any  principle  in  thermodynamics  properly 
^)eaking,  were  conducive  to  the  progress  of  that  science  by  pointing 
out  the  proper  mode  of  applying  mechanical  principles  to  the 
expansive  action  of  an  elastic  fluid. 

The  general  equation  of  thermodynamics,  which  expresses  the 
relations  between  heat  and  mechanical  energy  under  all  circum- 
stances, was  arrived  at  independently,  and  by  different  methods,  in 

1849,  by  Professor  Clausius  and  the  Author  of  this  work;  and 
poblisl^  by  the  former  in  Poggendorff's  Armalen,  and  communi- 
cated by  the  latter  to  the  Royal  Society  of  Edinburgh  in  Feb- 
niary,  1850.  {Edin,  Trans.,  1850).  The  consequences  of  that 
equation  Lave  since  been  developed,  and  applied  to  scientific  and 
practical  questions  in  a  series  of  papers  which  have  appeared  in 
Poggendofff's  Annalen;  the  Phdlosophical  Magaaine  since  1850; 
tile  Edinburgh  Philosophical  Journal  for  1849  and  1855;  the 
Transactione  of  the  Royal  Society  of  Edinburgh,  since  1850,  VoL 
XX. ;  and  the  Philosophical  Transactions  for  1854  and  1859. 

Professor  William  Thomson,  adopting  the  true  theory  of  heat,  in 

1850,  not  only  solved  some  new  problems  in  thermodynamics,  and 
devised  and  carried  out,  jointly  with  Mr.  Joule,  some  most  impor- 
tant experiments;  but  he  extended  analogous  principles  to  elec- 
tricity and  magnetism,  and  thereby  created  what  may  jtistly  bo 
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styled  a  new  science.  His  papers  have  appeared  in  the  Tranaao 
U(m8  of  the  Eoyal  Society, of  Edinburgh  fot  1851,  and  subsequently  in 
the  PhUosophical  MagaaxM  dnce  1851,  and  the  Philosophical  Tram- 
actions  since  1854.  Numerical  data,  without  which  the  theoretical 
researches  before  referred  to  would  have  been  fruitless,  were  fur-^ 
nished  by  the  experiments  of  Dulong,  and  MM.  Bravais,  Martins, 
Moll,  Yan  Beek,  and  others,  on  the  velocity  of  sound;  by  those  of 
M.  Rudbere,  on  the  expansion  of  gases;  by  the  experiments,  almost 
unparaUelea  for  extent  and  precision,  of  M.  Begnault,  on  the  proper- 
ties of  gases  and  vapours^  made  at  the  expense  of  the  French  Govern- 
ment, and  published  in  the  Proceedings  and  Memoirs  of  Hit  Academy 
ofSdenceSy  from  1847  to  1854;  and  by  the  joint  experiments  of 
Messrs.  Joule  and  Thomson,  on  the  thermic  effects  of  currents  of 
elastic  fluids,  made  at  the  expense  of  the  "Royel  Society,  and  pub- 
lished in  the  Philosophical  Transactions  for  1854.  Amongst  later 
experimental  researches  may  be  specially  mentioned  those  of  Messrs. 
Fairbaim  and  Tate  on  the  density  of  steam,  and  those  of  M.  G.  A. 
Him  on  vapours,  and  on  the  disappearance  of  heat  in  steam  engines. 

Hypothesis  of  Molecular  Vortices. — In  thermodynamics  as 
well  as  in  other  branches  of  molecular  physics,  the  laws  of  phenomena 
have  to  a  certain  extent  been  anticipated,  and  their  investigation 
facilitated,  by  the  aid  of  hjrpotheses  as  to  occult  molecular  struc- 
tui'es  and  motions  with  which  such  phenomena  are  assumed  to  be 
<K)nnected.  The  hypothesis  which  has  answered  that  purpose  in  the 
case  of  thermodynamics,  is  called  that  of  "  molecular  vortices,"  or 
otherwise,  the  "  centrifugal  theoiy  of  elasticity."  (On  this  subject, 
see  the  Edinbwrgh  PhU^ophical  Jov/maly  1849;  Edinburgh  Trans- 
actions, voL  XX. ;  and  Philosophical  MagaainCj  passim,  especially  for 
December,  1851,  and  November  and  December,  1855.) 

Science  of  Energetics. — Although  the  mechanicaL  hypothesis 
just  mentioned  may  be  usefid  and  interesting  as  a  means  of  antici- 
pating laws,  and  connecting  the  science  of  thermodynamics  with 
that  of  ordinaiy  mechanics,  still  it  is  to  be  remembered  that  the 
science  of  thermodynamics  is  by  no  means  dependent  for  its  cer- 
tainty on  that  or  any  other  hypothesis,  having  been  now  reduced 
to  a  system  of  principles,  or  general  £eu^,  expressing  strictly  the 
results  of  experiment  as  to  the  relations  between  heat  and  motive 
power.  In  this  point  of  view  the  laws  of  thermodynamics  may  be 
regarded  as  particular  cases  of  more  general  laws,  applicable  to  all 
such  states  of  matter  as  constitute  Energy,  or  the  capacity  to  per- 
form work,  which  more  general  laws  form  the  basis  of  the  science 
of  energetics, — a  science  comprehending,  as  special  branches,  the 
theories  of  all  physical  phenomena.* 

*  Proceedings  of  the  PkUosopUcal  Society  of  OlasgoWfCtS^,  Edinburgh 
PhUosophkalJoumal,lS56.  i^dbyV^T5T3^ 
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OF  MACHINES  IN  GENEKAL. 
Section  1. — O/Eesistance  and  Work 

1.  The  Actimi  •/  m  machine  is  to  produce  Motipu  against  Resist- 
ance.  For  example,  if  the  machine  is  one  for  lifting  solid  bodies, 
such  as  a  craney  or  fluid  bodies,  such  as  a  pump,  its  action  is  to 
produce  upward  motion  of  the  lifted  body  against  the  resistance 
arising  from  gravity;  that  is,  against  its  own  weight :  if  the 
machine  is  one  for  propulsion,  such  as  a  locomotive  engine,  its 
action  is  to  produce  horizontal  or  inclined  motion  of  a  load  against 
the  resistance  arising  from  friction,  or  from  friction  and  gravity 
combined :  if  it  is  one  for  shaping  materials,  such  as  a  planing 
machine,  its  action  is  to  produce  relative  motion  of  the  tool  and  of 
the  piece  of  material  shaped  by  it,  against  the  resistance  which  that 
material  offers  to  having  part  of  its  surface  removed ;  and  so  of 
other  machines. 

2.  w«vk.  {A.M,y  513.) — ^The  action  of  a  machine  is  measured,  or 
expressed  as  a  definite  quantity,  by  multiplying  the  motion  which ' 
it  produces  into  the  resistance,  or  force  directly  opposed  to  that 
motion,  which  it  overcomes;   the  product  resulting  from  that 
multiplication  being  called  wore. 

In  Britain,  the  distances  moved  through  by  pieces  of  mechanism 
are  usually  expressed  in  feet;  the  resistances  overcome,  in  pounds 
avoirdupois;  and  quantities  of  work,  found  by  multiplying  dis- 
tances in  feet  by  resistances  in  pounds,  are  said  to  consist  of  so 
many  /oot-paimds.  Thus  the  work  done  in  lifting  a  weight  of  one 
pound,  through  a  height  of  one  foot,  is  one  /oot-^mmd ;  the  work 
done  in  lifting  a  weight  of  twenty  pounds,  through  a  height  of  one 
hundred  feet,  is  20  x  100  =  2,000  foot-pounds. 

In  France,  distances  are  expressed  in  metres,  resistances  overcome 
in  kilogrammes,  and  qtiantities  of  work  in  what  are  called  kih- 
grwmm^trea,  one  kilogrammStre  being  the  work  performed  in  lifting 
a  weight  of  one  kilogramme  through  a  height  of  one  m^tre. 

The  following  are  the  proportions  amongst  those  units  of  distai^^ 
resistance,  and  work,  with  their  logarithms  :— 
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LogaritfamflL 

Onem^tre  =  3-2808693  feet, 0-515989 

One  foot  =  0-30479721  metres, 1-4840x1 

One  kilogramme  =  2*20462  lbs.  avoirdupois, 0*343334 

One  lb.  avoirdupois  =  0-453593  kilogramme, 1-656666 

One  kilogrammdtre  =  723308  foot-pounds, 0859323 

One  foot-pound  =  0-138254  kilogrammltres, 1-140677 

3.  The  Bate  9f  WmIk  of  a  machine  means,  the  quantity  of  work 
inrhich  it  performs  in  some  given  interval  of  time,  such  as  a  second, 
a  minute,  or  an  hour  {A.  M,,  661).  It  may  be  expressed  in  units 
of  work  (such  as  foot-pounds)  per  second,  per  minute,  or  per  hour, 
as  the  case  may  be;  but  there  is  a  peculiar  imit  of  power  appro- 
priated to  its  expression,  called  a  hobse-poweb,  which  is,  in  Britain^ 

550  foot-pounds  per  second, 
or  33,000  foot-pounds  per  minute, 
or  1,980,000  foot-pounds  per  hour. 

This  IB  also  called  an  actual  or  real  horse-power,  to  distinguish  it 
from  a  nominal  horse-power,  the  meaning  of  whidi  will  afterwards 
be  explained.  It  is  greater  than  the  performance  of  any  ordinary 
horse,  its  name  having  a  conventional  value  attached  to  it. 

In  France,  the  term  force  db  cheyal,  or  GHEVAirYAFEUB,  is 
applied  to  the  following  rate  of  work : — 

Foot-lbs. 
75  kilogramm^tres  per  second   =  54  2  J 

or  4,500  kilogrammdtres  per  minute  =        32,549 
or  270,000  kilogranun^tres  per  hour      =   1,952,932 

being  about  one-seventieth  part  less  than  the  British  horse-power. 

4.  THodtT- — K  ihe  vdocUy  of  the  motion  which  a  machine  causes 
to  be  performed  against  a  given  resistance  be  given,  then  the  pro- 
duct of  that  velocity  into  t£e  resistance  obviously  gives  the  rate  of 
work,  or  effective  power.  If  the  velocitv  is  given  in  feet  per  second, 
r.nd  the  resistance  in  pounds,  then  their  product  is  the  rate  of  work 
ill  foot-pounds  per  second,  and  so  of  minutes,  or  hours,  or  other 
units  of  time. 

It  is  usually  most  convenient,  for  purposes  of  calculation,  to 
express  the  velocities  of  the  parts  of  machines  either  in  feet  por 
second  or  in  feet  per  minute.  For  certain  dynamical  calculations 
to  be  afterwards  referred  to,  the  second  is  the  more  convenient 
unit  of  time :  in  stating  the  performance  of  machines  for  practical 
imrposes,  the  minute  is  the  unit  most  commonly  employed. 
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Compariaon  of  Different  Ifeaewres  of  VdocUy, 

warn  Feet  Feet  ¥Mb 

per  hour.  per  second.        per  minata.        per  hoar. 

1  =1-46  =88  =  5280^ 

0-6818  =1  =60  =  3600 

0-01136  =   0'0i6  »        I  =60 

0*0001893  =   0*00027  =       o*oi6  =  I 

1  nautical  mile  "i 

per  hour,  or  >  =  1-1508  =    1*688  =   101*27  =  ^o?^ 

"knot," j 

The  units  of  time  being  the  same  in  all  civUized  countries,  the  pro- 
portions amongst  their  units  of  velocity  are  the  same  with  those 
amongst  their  linear  measures. 

5.  ITotIk  la  Termm  mf  Angnkur  m^timwu  {A.  M.,  593.) — When  a 
resisting  force  opposes  the  motion  of  a  part  of  a  machine  which 
moves  round  a  fixed  axis,  such  as  a  wheel,  an  axle,  or  a  crank,  the 
product  of  the  amount  of  that  resistance  into  its  leverage  (that  is, 
the  perpendicular  distance  of  the  line  along  which  it  acts  from  the 
fixed  axis)  is  called  the  moment,  or  statical  TnomerU,  of  the  resist- 
anoa  if  the  resistance  is  expressed  in  pounds,  and  its  leverage  in 
feet,  then  its  moment  is  expressed  in  terms  of  a  measure  which 
may  be  called  a  foot-pound,  but  which,  nevertheless,  is  a  quantity 
of  an  entirely  different  kind  from  a  foot-pound  of  work. 

Suppose  now  that  the  body  to  whose  motion  the  resistance  is 
opposed  turns  through  any  number  of  revolutions,  or  parts  of  a 
revolution;  and  let  T  denote  the  angle  through  which  it  turns, 
expressed  in  revolutions,  and  parts  of  a  revolution;  also,  let 

2  «-  =  6*2832 

denote,  as  is  customary,  the  ratio  of  the  circumference  of  a  circle  to 
its  radius.  Then  the  distance  through  which  the  given  resistance 
is  overcome  is  expressed  by  • 

the  leverage  x  2  «•  x  T ; 

that  is,  by  the  product  of  the  circumfei-ence  of  a  circle  whose  radius 
is  the  leverage,  into  the  number  of  turns  and  fractions  of  a  turn 
made  by  the  rotating  body. 

The  distance  thus  found  being  multiplied  by  the  resistance  over- 
come^ gives  the  work  performed;  that  is  to  say. 

The  toork  performed 
=  the  resietame  x  ^  leverage  x  2  afe  ^^  ^.Google 
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But  the  product  of  the  resistance  into  the  leyerage  is  what  is  called 
the  moment  of  the  resistance^  and  the  product  2  «-  T  is  called  the 
angular  moHan  of  the  rotating  body;  consequently, 

The  fvark  pcTformed 
=  the  moment  of  the  resistance  x  ^  angular  motion. 

The  mode  of  computing  the  work  indicated  by  this  last  equation 
is  often  more  convenient  than  the  direct  mode  already  explained  in 
Article  2. 

The  angular  motion  2  t  T  of  a  body  during  some  definite  unit  of 
time,  as  a  second  or  a  minute,  is  called  its  angiUar  vdocity;  that  is 
to  say,  anguUvr  vdocity  is  the  j^rodwA  of  the  twms  amd  fractions  ofxjb 
turn  made  in  an  vmt  qftvm/e  into  the  ratio  (2  «-  =  6*2832)  oftJte 
ciroimference  of  a  circle  to  its  radius.     Hence  it  appears  that 

The  rate  of  work 
=z  the  moment  of  the  resistance  x  ^  angular  velocity, 

6.  WmIc  in  TcMrms  •/  Prcannre  Md  ▼•Ime.  (A,  Jf.,  517.) — If 
the  resistance  overcome  be  a  pressure  uniformly  distributed  over  an 
area,  as  when  a  piston  drives  a  fluid  before  it,  then  the  amount  of 
that  resistance  is  equal  to  the  intensity  of  the  pressure,  expressed 
in  units  of  force  on  each  unit  of  area  (for  example,  in  pounds  on 
the  square  inch,  or  pounds  on  the  square  foot)  multiplied  by  the 
area  of  the' surface  at  which  the  pressure  acts,  if  that  area  is  per- 
pendicular to  the  direction  of  the  motion ;  or,  if  not,  then  by  the 
projection  of  that  area  on  a  plane  perpendicular  to  the  direction  of 
motion.  In  practice,  when  the  area  of  a  piston  is  spoken  of,  it  is 
always  understood  to  mean  the  projection  above  mentioned. 

Now,  when  a  plane  area  is  multiplied  into  the  distance  through 
which  it  moves  in  a  direction  perpendicular  to  itself,  if  its  motion 
is  straight,  or  into  the  distance  tlux)ugh  which  its  centre  of  gravity 
moves,  if  its  motion  is  curved,  the  product  is  the  volume  of  the 
spa^ce  traversed  by  the  piston. 

Hence  the  work  performed  by  a  piston  in  driving  a  fluid  before 
it,  or  by  a  fluid  in  driving  a  piston  before  it,  may  be  expressed  in 
either  of  the  following  ways : — 

Eesistance  x  dista/nce  traversed 

=  intensity  of  pressure  x  area  x  distance  traversed; 

=  intensity  of  pressure  x  volume  traversed. 

In  order  to  compute  the  work  in  foot-pounds,  if  the  pressure  is 
stated  in  pounds  on  the  square  foot,  the  area  should  be  stated  in 
square  feet,  and  the  volume  in  cubic  feet;  if  the  pressure  is  stated  is 
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pooDds  on  the  square  inch,  the  area  should  be  stated  in  square  inches, 
and  the  volume  in  units,  each  of  which  is  a  prism  of  one  foot  in 

length  and  one  square  inch  in  area;  that  is,  of  ^jj  of  a  cubic  foot 

in  volume. 

The  foUowing  table  gives  a  comparison  of  various  units  in  which 
the  intensities  of  pressures  are  commonly  expressed.    {A,  Af.,  86.) 

Pounds  on  tlie         Poondi  oo  the 
•qnare  foot.  iqQari  incb. 

One  pound  on  the  square  inch, 144  1 

One  pound  on  the  sauare  foot, i  lil 

One  inch  of  mercuiy  (that  is,  weight 

of  a  column  of  mercuiy  at  32** 

Fahr.,  one  inch  high), 70*73  ©•491a 

One  foot  of  water  (at  SO"*-!  Fahr.),         62425  o*4335 

One  inch  of  water, 5*2021  0*036125 

One  atmosphere,  of  29*922  inches 

of  mercuiy,  or  760  millimetres,     2116*3  14*7 

One  foot  of  air,  at  32**  Fahr.,  and 

under  the  pressure  of  one  atmo- 
sphere,   0*080728  0*0005606 

One  kilogramme   on   the  square 

mitre, 0*204813  0*00142231 

One  kilogramme   on   the   square 

millimetre,  204813  1422*31 

One  millim^re  of  mercury, 37847  0*01934 

7.  AJceWaical  BzprcMimM  Ar  Wotfc.  (A.  M.,  515,  517,  593.) — 
To  express  the  results  of  the  preceding  articles  in  algebraical  sym- 
bols, let 

8  denote  the  distance  in  feet  through  which  a  resistance  is  over- 
come in  a  given  time; 

K,  the  amoimt  of  the  resistance  overcome  in  pounds. 
Also,  supposing  the  resistance  to  be  overcome  by  a  piece  which 
turns  about  an  axis,  let 

T  be  the  number  of  turns  and  fractions  of  a  turn  made  in  the 
given  time,  and  t  =  2  v  T  =  6*2832  T  the  angular  motion  in  the 
given  time ;  and  let 

I  be  the  leverage  of  the  resistance ;  that  is,  the  perpendicular 
distance  of  the  line  along  which  it  acts  from  the  axis  of  motion; 
so  that  8^il,  and  B  ^  is  the  statical  moment  of  the  resistance.  Sup- 
posing the  resistance  to  be  a  pressure,  exerted  between  a  piston  and 
a  fluid,  let  A  be  the  area  or  projected  area  of  the  piston^^d  »  the 
intensity  of  the  pressure  in  pounds  per  unit  of  area,      y  ^OOglC 
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Then  tiie  following  expreadons  all  give  quantitieB  of  work  in  the 
giyen  time  in  foot-pounds : — 

R«;   iB,l;  pA.8;  ipAL 

The  last  of  these  expressions  is  applicable  to  a  piston  taming  on 
an  axis,  for  which  I  denotes  the  distance  from  the  axis  to  the  centre 
of  gravity  of  the  area  A. 

8.  WMk  Jkwmimmt  mm  OblMPM  F«rce.  {A.  M.,  511.) — The  resist- 
ance directly  due  to  a  force  which  acts  against  a  moving  body  in  a 
direction  oblique  to  that  in  which  the  bodyi  moves,  is  found  by 
resolving  that  force  into  two  components,  one  at  right  angles  to  the 
direction  of  motion,  which  may  be  called  a  lateral  force,  and  which 
must  be  balanced  by  an  equal  and  opposite  lateral  force,  xmless  it 
takes  effect  by  altering  the  direction  of  the  body's  motion,  and  the 
other  component  directly  opposed  to  the  body's  motion,  which  is 
the  resistance  required.  That  resolution  is  effected  by  means  of  the 
well  known  principle  of  the  parallelogram  of  forces  as  follows : — 
In  fig.  1,  let  A  represent  the  point  at  which  a  resistance  is  over- 
come, AB  the  direction  in  which 
that  point  is  moving,  and  let  A  F 
be  a  line  whose  direction  and 
length  repres^it  the  direction  and 


p.    ^  magnitude    of   a  force  obliquely 

opposed  to  the  motion  of  A. 
From  F  upon  B  A  produced,  let  £all  the  perpendicular  FR ;  the 
length  of  that  perpendicular  will  represent  the  magnitude  of  the 
lateral  component  of  the  oblique  force,  and  the  length  AR  will 
r^iresent  the  direct  component  or  resistance. 

To  express  this  in  algebraical  eymbols,  let  F  denote  the  obliquely 
applied  force,  ^  the  angle  of  its  obliquity,  or  RAF,  Q  the  lateral 
force;,  and  R  the  resistance;  then 

Q  =  F-sin^;  R  =  F-costf. 

9.  flaauMaitoH  mi  <|— titifw  •£  Wwk. — In  every  machine,  resist- 
ances are  overcome  during  the  same  interval  of  time,  by  differ- 
ent moving  pieces,  and  at  different  points  in  the  same  moving 
piece;  and  the  whole  work  performed  during  the  given  interval  is 
found  by  adding  together  the  several  products  of  the  resistances 
into  the  respective  distances  through  which  they  are  simultaneously 
overcome.  It  is  oonveni^it,  in  algebraical  symbolsi,  to  denote  the 
result  of  that  summation  by  the  symbol — 

2R«; (1.) 

hi  which  2  denotes  the  operation  of  taking  the  sum  of  a  set  of 
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quantitieB  of  tlie  kind  denoted  by  the  symbok  to  "vdiioh  it  k  pre- 
fixed. 

When  the  resistances  are  overcome  by  pieces  taming  npon  axes, 
the  above  sum  may  be  expressed  in  the  form — 

5  •  t  EZ ; (2.) 

and  so  of  other  modes  of  expressing  quantities  of  work. 

The  following  are  particnJar  cases  of  the  summation  of  quantities 
of  work  performed  at  different  points : — 

L  In  a  shifting  piece,  or  one  which  has  the  kind  of  movement 
called  irandaiion  only,  the  velocities  of  eveiy  point  at  a  given  in- 
stant are  equal  and  parallel;  hence,  in  a  given  interval  of  tiBie,  the 
motions  of  all  the  points  are  equal;  and  the  work  performed  is  to 
be  found  by  multiplying  the  eum  of  the  resietancea  into  the  motion 
as  a  common  &ctor ;  an  operation  expressed  algebi-aically  thus — 

•  3E; (3.) 

IL  For  a  turning  piece,  the  angular  motions  of  all  the  points 
during  a  given  intervsd  of  time  are  equal ;  and  the  work  performed 
is  to  be  found  by  multiplying  the  su/in  of  the  momenie  of  the  resistr 
ancee  reUUivdy  to  the  cuds  into  the  angular  motion  as  a  common 
factor — an  operation  expressed  algebraiadly  thus — 

i2'Rl; (4.) 

The  sum  denoted  by  2  *  B  ^  is  the  total  tnonwnt  ofreeiBtanoe  of  tho 
piece  in  question. 

UL  In  every  train  of  mechanism,  the  proportions  amongst  tho 
motions  performed  dtuing  a  given  interval  of  time  by  the  several 
moving  pieces,  can  be  detennined  from  the  mode  of  connection  of 
those  pieces,  independently  of  the  absolute  magnitudes  of  those 
motions,  by  the  aid  of  the  science  called  by  Mr.  Willis,  Furs 
Mechanism.  This  enables  a  calculation  to  be  performed  which  is 
called  reducing  the  resistances  to  the  driving  point;  that  is  to  say, 
determining  i^  resistances,  which,  if  they  acted  directly  at  the 
point  where  the  motive  power  is  applied  to  the  machine,  would 
require  the  same  quantity  of  work  to  overcome  them  with  the 
actual  resistances. 

Suppose,  for  example,  that  by  the  principles  of  pure  mechamsm 
it  is  found,  that  a  certain  point  in  a  machine,  where  a  resistance  B 
is  to  be  overcome,  moves  with  a  velocity  bearing  the  ratio  n :  1  to 
the  velocity  of  the  driving  point.  Then  the  work  performed  in 
overcoming  that  resistance  will  be  the  same  as  if  a  resistance  n  B 
were  overcome  directly  at  the  driving  point  If  a  similar  calcula- 
tion be  made  for  each  point  in  the  machine  where  resistance  iM 
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overcome,  and  ike  results  added  together,  as  the  foUowing  sTmbol 
denotes : — 

s  •  n  U, (5.) 

that  sum  is  the  equivalent  resistance  at  the  driving. point;  and  if  in 
a  given  interval  of  time  the  driving  point  moves  through  the  dis- 
tance 9,  then  the  work  performed  in  that  time  is — 

«  a  •  n  R (6.) 

The  process  above  described  is  often  applied  to  the  steam  engine, 
by  reducing  all  the  resistances  overcome  to  equivalent  resistances 
acting  directly  against  the  motion  of  the  piston. 

A  similar  method  may  be  applied  to  the  moments  of  resistances 
overcome  by  rotating  pieces,  so  as  to  reduce  them  to  equivalent 
moments  ai  the  driving  axle.  Thus,  let  a  resistance  B,  with  the 
leverage  I,  be  overcome  by  a  piece  whose  angular  velocity  of  rota- 
tion bears  the  ratio  n  :  1  to  that  of  the  driving  axle.  Then  the 
equivalent  moment  of  resistance  at  the  driving  axle  is  n  B  ^ ;  and 
if  a  similar  calculation  be  made  for  each  rotating  piece  in  the 
machine  which  overcomes  resistance,  and  the  results  added  to- 
gether, the  sum — 

2-7iR^ (7.) 

is  the  total  equivalent  moment  o/resista/nce  at  the  driving  axle;  and 
if  in  a  given  interval  of  time  the  driving  axle  turns  through  the 
arc  *  to  radius  unity,  the  work  performed  in  that  time  is — 

I  2  •  71  R  L (8.) 

rV.  Centre  of  Gravity, — The  work  i)erformed  in  lifting  a  body 
is  ihe  product  of  the  toeigld  of  the  body  into  tits  height  tltrough  which 
its  centre  of  gravity  is  lifted. 

If  a  maclune  lifts  the  centres  of  gravity  of  several  bodies  at  once 
to  heights  either  the  same  or  different,  the  whole  quantity  of  work 
performed  in  so  doing  is  the  sum  of  the  several  products  of  the 
weights  and  heights ;  but  that  quantity  can  also  be  computed  by 

multiplying  the  sum  of  all  iJie 
iveights  into  the  heiglU  through 
whicli  tlieir  common  centre  of 
gravity  is  lifted, 

10.  RepreMBiattoH  •fWMk  hj 
m  Area. — ^As    a    quantity   of 
work  is  the  product    of   two 
quantities,  a  force  and  a  motion, 
Fig.  2.  it  may  be  represented   by  the 

area  of  a  plane  figure,  which  is  the  product  gC^dt^^dimensions. 
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Fig.  8. 


Let  the  base  of  the  rectangle  A,  fig.  2,  represent  one  foot  of  motion, 
and  its  height  one  pound  of  resistance;  then  will  its  area  represent 
one  foot-pound  of  work. 

In  the  larger  rectangle,  let  the  base  OS  represent  a  certain 
motion  8,  on  Sie  same  s^e  with  the  base  of  the  unit-area  A;  and 
let  the  height  OK  represent  a  certain  resistance  H,  on  the  same 
scale  with  the  height  of  the  unit-area  A;  then  will  the  number  of 
times  that  the  rectangle  OS  *  O B  contains  the  unit-rectangle  A^ 
express  the  number  of  foot-pounds  in  the  quantify  of  work  R«^ 
which  is  performed  in  overcoming  the  resistance  xt  through  the 
distance  «. 

11.  W«ri£  AgiUMt  TarrlBg  RcnlMaace.  {A,  M.^  515). — In  fig.  3 
let  distances  as  before,  be  re-  y 
presented  by  lengths  measured 
along  the  base  line  O  X  of  the 
figore;  and  let  the  magnitudes 
of  the  resistance  overcome  at 
each  instant  be  represent^ed  by 
the  lengths  of  ordmates  drawn 
perpendicular  to  O  X,  and  paral- 
lel to  O  Y  1  —  For  example, 
when  the  working  body  has  moved  through  the  distance  repre- 
sented  by  O  S,  let  the  resistance  be  represented  by  the  ordinate  SB. 

K  the  resistance  were  constant,  the  summits  of  those  ordinates 
would  lie  in  a  straight  line  parallel  to  O  X,  like  B  B  in  fig.  2;  but 
if  the  resistance  varies  continuously  as  the  motion  goes  on,  the 
summits  of  the  ordinates  will  lie  in  a  line,  straipfht  or  curved,  such 
as  that  marked  E  B  G,  fig.  3,  which  is  not  parallel  to  O  X. 

The  values  of  the  resistance  at  each  instant  being  represented  by 
the  ordinates  of  a  given  line  ERG-,  let  it  now  be  required  to  deter- 
mine the  work  performed  against  that  resistance  during  a  motion 
represented  by  O  F  =  ^. 

Suppose  the  area  O  E  G  F  to  be  divided  into  bands  by  a  series  of 
parall^  ordinates,  such  as  A  C  and  B  D,  and  between  the  upper 
ends  of  those  ordinates  let  a  series  of  short  lines,  such  as  C  D,  be 
drawn  parallel  to  O  X,  so  as  to  form  a  stepped  or  sen-ated  outline, 
consisting  of  lines  parallel  to  OX  and  O  Y  alternately,  and  approxir 
mating  to  the  given  continuous  line  E  G. 

Now  conceive  the  resistance,  instead  of  varying  continuously,  to 
remain  constant  during  each  of  the  series  of  divisions  into  which 
the  motion  is  divided  by  the  parallel  ordinates,  and  to  change 
abruptly  at  the  instants  between  those  divisions,  being  represented 
for  each  division  by  the  height  of  the  rectangle  which  stands  on 
that  division :  for  example,  during  the  division  of  the  motion  re- 
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presented  by  A  B,  let  the  resistance  be  represented  by  A  C,  and  bo 
for  other  divisions. 

Then  the  work  performed  during  the  division  of  the  motion  re- 
presented by  AB,  on  the  supposition  of  alternate  constancy  and 
abrupt  variation  of  the  resistance,  is  represented  by  the  rectangle 
AB'ACj  and  the  whole  work  performed,  on  the  same  supposition, 
during  the  whole  motion  O  F,  is  represented  by  the  sum  of  all  the 
rectangles  lying  between  the  parallel  ordinates;  and  inasmuch  as 
the  supposed  mode  of  variation  of  the  resistance  represented  by  the 
stepped  outline  of  those  rectangles  is  an  approximation  to  the  real 
mode  of  variation  represented  by  the  continuous  line  E  G,  and  is  a 
closer  approximation  the  closer  and  the  more  numerous  the  parallel 
ordinates  are,  so  the  sum  of  the  rectangles  is  an  approximation  to 
the  exact  representation  of  the  work  performed  against  the  conti- 
nuously varying  resistance,  and  is  a  closer  approximation  the  doeer 
and  more  numerous  the  ordinates  are,  and  by  making  the  ordinate 
numerous  and  close  enough,  can  be  made  to  differ  from  the  exact 
representation  by  an  amount  less  than  any  given  difference. 

But  the  sum  of  those  rectangles  is  also  an  approximation  to 
the  area  O  E  G  F,  bounded  above  by  the  continuous  line  E  G,  and  is  • 
a  closer  approximation  the  closer  and  the  more  numerous  the  ordi- 
nates are,  and  by  making  the  ordinates  numerous  and  close  enough, 
can  be  made  to  differ  from  the  area  O  E  G  F  by  an  amount  less 
than  any  given  difference. 

Therefore  the  a/rea  OEGF,  havmded  hy  the  straight  line  OF,  iMck 
represents  the  motion^  hy  the  line  E  G,  whose  ordinales  represent  the 
values  of  the  resutcmce,  cmdhy  the  t\joo  ordinates  O  E  and  F  G,  repre- 
sents exacdy  the  work  performed. 

The  M£AN  RESISTANCE  during  the  motion  is  found  by  dividing 
the  area  O  E  G  F  by  the  motion  O  F. 

The  following  is  the  mode  of  expressing  the  above  results  in 
algebraical  symbols : — 

Let  any  division  of  the  motion,  such  as  A  B,  be  denoted  by  A  «; 
«  =  2  *  A«  being  the  sum  of  all  these  divisions,  or  the  entire  motion 
OF.  

Let  one  of  the  values  of  the  resistance  for  the  division  A  B  of  the 
motion  be  B ;  and  let  this  represent  the  height  AC  of  the  rectangle 
which  stands  on  A  B  in  the  approximate  representation  of  the  work. 
Then 

Ra« 
represents  the  area  of  that  rectangle;  and  the  sum  of  the  whole 
series  of  rectangles,  which  is  an  approximate  representation  of  tlie 
work  performed,  is  denoted  by  ^^^^.^^^ ^^ GoOglc 
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3  •  R  A# (1.) 

The  limit  or  iktboral  towardB  wliioh  that  sum  approximateB  aa 
the  divisionB  A  s  are  increased  indefinitely  in  number,  and  dimi- 
nished indefinitely  in  length,  being  the  area  O  £  G  F,  and  the  exact 
represmtcUion  of  the  work  performed^  ia  denoted  by 


/ 


R  J«; (2.) 

and  the  mean  resistance  by 

'^Hds 


h 


(?) 


To  illnstrate  the  application  of  those  [winciples  by  an  example,  let 
there  be  a  spiial  spring  which  exerts  a  tension  of  100  lbs.  when  it 
is  stretched  one-tenth  of  a  foot,  and  whose  tension  at  other  elonga- 
tions varies  simply  as  the  elongation ;  and  let  it  be  required  to  find 
how  much  work  is  performed  in  stretching  it  firom  its  ordinary  state 
to  im  elongation  of  0-06  of  a  foot.  In  ^,  4,  on  the  stoaight 
line  O  X,  take  O  A  to  repi-esent  01 
foot,  and  draw XB  -L  OX  to  re- 
present 100  lbs.  Draw  the  straight 
line  O  B ;  then  because  the  tensions 
are  simply  proportional  to  the  elon- 
gations,  the  ordinate  R  S  ||  A  B  will  ^ 
repcesent  the  t^ision  R  for  any  given  Fig.  4. 

dongation  O  S  =r  « j  and  the  triangular  area  O  S  R  =  — g^-will  re- 
present the  work  performed  in  producing  that  elongation.  In  tiie 
present  case, 

*  =  0O6foot;  B^0-06^>^  100^60 Ibe.;  and 

— jr-=  1*8  foot-poxmds, 
-viiile  the  mean  resistance  during  the  elongation  is 


11  A.  ApfVMtaMte  CiwpBiMtiia  mf  Ibic«i«i».  (Extracted  from 
A.  M.,  81). — Reference  having  been  made  to  the  process  of  irttegra- 
Uon,  the  present  article  is  intended  to  afford  to  those  who  have  not 
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made  that  branch  of  mathematics  a  special  study,  some  elementary 
information  respecting  it 
The  meaning  of  the  symbol  of  an  integral^  viz. : — 


j  ydx. 


is  of  the  following  kind : — 

In  fig.  dy  let  A  C  D  B  be  a  plane  area,  of  which  one  boundary,  AB 

is  a  portion  of  an  axis  of  absciss» 
OX,  —  the  opposite  boundary, 
C  D,  a  curve  of  any  figure, — and 
the  remaining  boundwies,  A  C, 
B  D,  ordinates  perpendicular  to 
'^  O  X,  whose  respective  abscissae, 
Fig.  6.  or  distances  from  the  origin  O,  are 

Let  EF  =  y  be  any  ordinate  whatsoever  of  the  curve  C D,  and 
O  E  =  a:  the  corresponding  abscissa.  Then  the  integral  denoted  by 
the  symbol, 


/ 


y  dx, 


means,  the  area  of  tlie  figure  A  C  D  R  The  abscissa  a  and  b, 
which  are  the  least  and  greatest  values  of  x,  and  which  indicate 
the  longitudinsd  extent  of  the  area,  are  called  the  limits  of  integra- 
tion; but  when  the  longitudinal  extent  of  the  area  is  otherwise  in- 
dicated,-the  symbols  of  those  limits  are  sometimes  omitted,  as  in 
the  preceding  Article; 

When  the  relation  between  y  and  x  is  expressed  by  any  ordinary 
algebraical  equation,  the  value  of  the  integral  for  a  given  pair  of 
vfdues  of  its  limits  can  generally  be  found  by  means  of  formulse 
which  are  contained  in  works  on  the  Integral  Calculus,  or  by  means 
of  mathematical  tables. 

Cases  may  arise,  however,  in  which  y  cannot  be  so  expressed  in 
terms  of  x;  and  then  approximate  methods  must  be  employed. 
Those  approximate  methods  are  founded  upon  the  division  of  the 
area  to  l^  measured  into  bands  by  parallel  and  equi-distant  ordi- 
nates, the  approximate  computation  of  the  areas  of  those  bands,  and 
the  adding  of  them  together;  and  the  more  minute  that  division  is, 
the  more  near  is  the  result  to  the  truth.  The  simplest  approxima- 
tion is  as  follows  : — 

Divide  the  area  A  C  D  B,  as  in  Gg,  6,  into  any  convenient  num- 
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bor  of  bands  by  parallel  ordinates,  whose  uniform  distance  apart 
is  A  a;;  so  that  if  n  be  the  num- 
ber of  bands,  n  +  1  will  be  the       c 
number  of  ordinates,  and 

b  —  a=rn  A  SB, 


the  length  of  the  figure.  F!g.  6. 

Let  i/,  i/*,  denote  the  two  ordinates  which  bound  one  of  the 
bands;  then  the  area  of  that  band  is 


tZ  +  y' 

2 


A  osy  nearly; 


and  consequently,  adding  together  the  approximate  areas  of  all  ihe 
bands,—- denoting  the  extreme  ordinatee  as  follows, — 

AC=y.;  BD=yt; 

and  the  intermediate  ordinates  by  yi,  we  find  for  the  approximate 
value  of  the  integral — 

jjdx  =  (^+  ^+Ty^  Ax^neady. 


12.  UscAa  WMk  mui  Eimm  itotIu — The  useful  work  of  a  ma- 
chine is  that  which  is  performed  in  effecting  the  purpose  for  which 
.  the  machine  is  designed  The  lost  work  is  that  whidi  is  performed 
in  producing  efiects  foreign  to  that  purpose.  The  resistances  over- 
come in  peiforming  those  two  kinds  of  work  are  called  respectively 
useful  resiaUmce  and  prepidicial  resistance. 

The  useful  work  and  the  lost  work  of  a  machine  together  make 
up  its  total  or  gross  loork. 

In  a  pumping  engine,  for  example,  the  useful  work  in  a  given 
time  is  the  product  of  the  weight  of  water  lifted  in  that  time  into 
the  height  to  which  it  is  lifted :  the  lost  work  is  that  performed  in 
overcoming  the  friction  of  the  water  in  the  pumps  and  pipes,  the 
friction  of  the  plungers,  pistons,  valves,  and  mechanism,  and  the 
resistance  of  the  air  pump  and  other  parts  of  the  engine. 

In  many  machines,  there  is  great  difficulty  in  precisely  drawing 
the  line  between  useful  work  and  lost  work.  In  the  case  of  the 
special  subjects  of  this  treatise.  Prime  Moyeks,  that  difficulty  sel- 
dom exists.  They  are  Tnachmesfor  driving  other  machines;  so  that 
their  useful  work  is  that  performed  in  overcoming  the  resistances 
of  the  machines  which  they  drive;  and  their  lost  work  is  that  p<^- 
formed  in  overcomin;^;  their  own  resistances.      ^  ^  ^^  ^  GooqIc 
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For  example,  the  nseM  work  of  a  marine  steam  engine  in  a 
given  time  is  the  product  of  the  resistance  opposed  by  the  water  to 
the  motion  of  the  ship,  into  the  distance  through  which  she 
moves :  the  lost  work  is  that  performed  in  overcoming  the  resist- 
ance of  the  water  to  the  motion  of  the  propeller  through  it,  the 
friction  of  the  mechanism,  and  the  other  resistances  of  the  engine, 
and  in  raising  the  temperature  of  the  condensation  water,  of  the 
gases  which  escape  by  the  chimney,  and  of  adjoining  bodie& 

There  are  some  cases,  such  as  those  of  muscular  power  and  of 
windmills,  in  which  the  useful  work  of  a  prime  mover  can  be 
determined,  but  not  the  lost  work. 

13.  Friction.  (Partly  extracted  and  abridged  from  A,  M,,  189, 
190,  191,  204,  and  669  to  6S5), — The  most  frequent  caxise  of  loss 
of  work  in  machines  is  friction — being  that  force  which  acts  be- 
tween two  bodies  at  their  surface  of  contact  so  as  to  resist  their 
sliding  on  each  other,  and  which  depends  on  the  force  with  which 
the  bodies  are  pressed  together.  The*  following  law  respecting  the 
friction  of  solid  bodies  has  been  ascertained  by  experiment : — 

The  friction  which  a  given  pair  of  solid  bodies ^  wUh  their  surfaces 
in  a  given  condition,  are  capable  of  exerting ,  is  simply  proporkonal 
to  the  force  with  which  they  are  pressed  together. 

There  is  a  limit  to  the  exactness  of  the  above  law,  when  the 
pressure  becomes  so  intense  as  to  crush  or  grind  the  parts  of  the 
bodies  at  and  neai*  their  surface  of  contact.  At  and  beyond  that 
limit  the  friction  increases  more  rapidly  than  the  pressure;  but 
that  limit  ought  never  to  be  attained  at  the  bemngs  of  any 
machine.  For  some  substances,  especially  those  whose  surfaces 
are  sensibly  indented  by  a  moderate  pressure,  such  as  timber,  the 
friction  between  a  pair  of  surfaces  which  have  remained  for  some 
time  at  rest  relatively  to  each  other,  is  somewhat  greater  than  that 
between  the  same  pair  of  surfisu^es  when  sliding  on  each  other. 
That  excess,  however,  of  the  friction  of  rest  over  the  friction  of 
Tnotion,  is  instantly  destroyed  by  a  slight  vibration;  so  that  the 
friction  of  motion  is  alone  to  be  taken  into  account  as  causing  con- 
tinuous loss  of  work.  In  general,  the  bearings  of  machines  ought 
not  to  be  left  long  enough  at  rest  at  a  time  to  allow  the  friction 
sensibly  to  increase  beyond  the  friction  of  motion. 

The  friction  between  a  pair  of  bearing  surfaces  is  calculated  by 
multiplying  the  force  with  which  they  are  directly  pressed  together, 
by  a  factor  called  the  co-efficient  of  friction,  which  has  a  special 
value  depending  on  the  nature  of  the  materials  and  the  state  of  the 
surfaces  as  to  smoothness  and  lubrication.  Thus,  let  R  denote  the 
friction  between  a  pair  of  surfaces;  Q,  the  force,  in  a  direction  per- 
pendicular to  the  surfeces,  with  which  they  are  pre^d  together  ; 
and/ the  co-efficient  of  friction;  then  Digitized  by  Googlc 


VBICmOB'* 


15 


R=/Q.. 


.(1.) 


The  co-efficient  of  frictioii  of  a  given  pair  of  surfeces  is  the  tan- 
gent of  an  angle  called  the  am/gU  ofreposey  being  the  greatest  angle 
which  an  oblique  pressure  between  the  surfaces  can  make  with  a 
peipendicular  to  them,  without  mating  them  slide  on  each  other. 

The  following  is  a  table  of  the  angle  of  repose  9,  the  co-efficient 
of  friction  /=  tan  ^,  and  its  reciprocal  1  :/,  for  the  materials  of 
mechanism— condensed  from  the  tables  of  Creneral  Morin,  and 
other  sources,  and  arranged  in  a  few  comprehensive  classes.  The 
values  of  those  constants  which  are  given  in  the  table  have  re- 
ference to  \hibfrvAvm  o/motioTL* 


No. 


SURFAOBS. 

Wood  on  wood,  diy, 

„  „     aoaped, 

Metab  on  oak,  dry, 

w  n       wet, 

„  „      soapy, 

Metals  on  dm,  dry, 

Hemp  on  oak,  diy, 

»»  >i     wet, 

Leather  on  oak, 

Leather  on  metals,  diy, 

«  »t        'wet, 

If         »i      gj««»y> 

M  It        oUy, 

Metals  on  metals,  dry, 

n  »t       wet, 

Smooth  snrfiuKS,  occasionally  greased, 
„  „        continually  greased, 

„  „        best  results,  ... 

Bnmze  on  lignnm  vita,  constantly  wet, 


/ 


1:/ 


14°  to  26i° 
lli*»  to  2* 
26i°  to  81*> 
laf'toHj^ 

11 1*' 
llJ°tol4' 

28° 

18J° 
16°  to  19i^ 

29J° 

20° 

13° 

8i° 
8J°  to  UJ* 

16J° 
4°  to  4i° 

8° 
1  J°  to  2° 

8°? 


•26  to  -6 

•2  to  -04 

•5  to  -6 

•24  to  "26 

•2 
•2  to  -25 

•63 

*38 
•27  to  •38 

•66 

•86 

•28 

•16 
•16  to  -2 

•8 
•07  to  -08 

•06 
•03  to  •086 

•06? 


4to2 

6  to  26 

2  to  1-67 

4-17  to  8-86 

6 

6  to  4 

1-89 

8 

3-7  to  2-86 

1-79 

2-78 

4-86 

6^67 

6-67  to  6 

8-88 

14-3  to  12-6 

20 

83-8  to  27-6 
20? 


*  In  a  paper,  of  which  an  abstract  has  appeared  in  the  Compies  Rendus  of  the 
French  Academy  of  Sciences  for  the  26th  of  April,  1868,  M.  H.  Bochet  describes  a 
series  of  experiments  which  have  led  him  to  the  conclusion,  that  the  friction  between 
a  pair  of  snrfisces  of  iron  is  not,  as  it  has  hitherto  been  believed,  absolutely  in- 
dependent of  the  velocity  of  sliding,  but  that  it  diminishes  slowly  as  that  velocity 
increases,  according  to  a  law  expressed  by  the  following  formula.    Let 

R  denote  the  friction ; 

Q,  the  pressure; 

r,  the  velocity  of  sliding,  in  metres  per  second  =  velocity  in  feet  per  aeoGDd 
X  0-8048; 

ft  Of  79  ooDfltant  oo-efficients ;  then 

R  _f+yav 
Q  ""   1  +a» 

The  following  are  the  values  of  the  co-efficients  deduced  by  M.  Bochet  from  his 
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14.  17BcaMMs. — ^Three  results  in  the  preceding  table,  Nos.  16, 17, 
and  18,  have  reference  to  smooth  firm  surfaces  of  any  kind,  greased 
or  lubricated  to  such  an  extent  that  the  friction  depends  chiefly  on 
the  continual  supply  of  unguent,  and  not  sensibly  on  the  nature  of 
the  solid  surfaces;  and  this  ought  almost  always  to  be  the  case  in 
machinery.  Unguents  should  be  thick  for  heavy  pressures,  that 
they  may  resist  being  forced  out,  and  thin  for  light  pressures,  that 
their  viscidity  may  not  add  to  the  resistance. 

Unguents  may  be  divided  into  four  classes,  as  follows  : — 

L  Water,  which  acts  as  an  unguent  on  surfaces  of  wood  and 
leather.  It  is  not,  however,  an  unguent  for  a  pair  of  metallic 
surfaces;  for  when  applied  to  them,  it  increases  their  friction. 

II.  Oily  unguerUSf  consisting  of  animal  and  v^etable  fixed  oils, 
as  tallow,  lard,  lard  oil,  seal  oil,  whale  oil,  olive  oQ.  The  vegetable 
drying  oils,  such  as  linseed  oil,  are  unfit  for  unguents,  as  they 
absorb  oxygen,  and  become  hard.  The  animal  oils  are  on  the 
whole  better  than  the  vegetable  oils. 

IIL  Soapy  unguenUy  composed  of  oil,  alkali,  and  water.  For  a 
temporary  purpose,  such  as  lubricating  the  ways  for  the  launch  of 
a  ship,  one  of  the  best  uuguents  of  this  class  is  soft  soap,  made  from 
whale  oil  and  potash,  and  used  either  alone  or  mixed  with  tallow. 
But  for  a  permanent  purpose,  such  as  lubricating  railway  carriage 
axles,  it  is  necessary  that  the  unguent  shoidd  contain  less  water 
and  more  oil  or  fatty  matter  than  soft  soap  does,  otherwise  it 
would  dry  and  become  stifT  by  the  evaporation  of  the  water.  The 
best  grease  for  such  purposes  does  not  contain  more  than  from  25 
to  30  per  cent  of  water;  that  which  contains  40  or  50  per  cent. 
IB  bad. 

IV.  Bituminous  unguents,  in  which  liquid  mineral  hydrocarbons 
are  used  to  dissolve  and  dilute  oily  and  fatty  substances. 

The  intensity  of  the  pressure  between  a  pair  of  greased  surfaces 
ought  not  to  be  so  great  as  to  force  out  the  unguent  The  follow- 
ing formula  agrees  very  fairly  with  the  results  of  practice : — 

Let  V  be  the  velocity  of  sliding,  in  feet  per  second;  p,  the  greatest 
proper  intensity  of  pressure,  in  lbs.  on  the  square  inch;  then 

44800 
^  "  60  «  +  20' 

p  ought  not  in  any  case  to  exceed  1200. 

experiments,  for  iron  enrfaces  of  wheels  and  skids  mbblng  longitudinally  on  iron 
raUs:— 

/  for  dry  surfaces,  0*3,  0*26,  0*2;  for  damp  surfaces,  0'14. 

o,  for  wheels  sliding  on  rails,  0*08 ;  for  skids  sliding  on  rails,  0*07. 

7,  not  yet  determined,  but  treated  meanwhile  as  inappreciably  smalt) OQLc 
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The  toork  performed  in  a  given  time  in  overcoming  the  friction 
between  a  pair  of  surfaces  is  the  product  of  that  fiiction  into  the 
distance  through  which  one  8ur£EU^  slides  over  the  other. 

When  the  motion  of  one  surfEice  relatively  to  the  other  consists 
in  rotation  about  an  axis,  the  work  performed  may  also  be  cal- 
culated by  multiplying  the  relative  angular  motion  of  the  surfaccp 
to  radius  unity  into  the  moment  offrijctwn  ;  that  is,  the  product  of 
the  friction  into  its  leverage,  which  is  the  mean  distance  of  the 
rubbing  sur£Eu;es  from  the  axis. 

For  a  cylindrical  journal,  the  leverage  of  the  friction  is  simply 
the  radius  of  the  journal 

For  a  jlaJt  pivot,  the  leverage  is  two-thirds  of  the  radius  of  the 
pivot 

For  a  coUo/r,  let  r  and  r*  be  the  outer  and  inner  radii;  then  the 
leverage  of  the  friction  is 

l!l=^' (1.) 

For  "Schide'8  a/nti-/riction  pivot"  whose  longitudinal  section  is 
the  curve  called  the  "  tractrix,"  the  moment  of  friction  is/  x  ^^ 
load  X  the  external  radius.  This  is  greater  than  the  moment  for 
an  equally  smooth  flat  pivot  of  the  same  radius;  but  the  anti-fric- 
tion pivot  has  the  advantage,  inasmuch  as  the  wear  of  the  surfaces 
is  uniform  at  every  point,  so  that  they  always  fit  each  other  accu- 
rately, and  the  pressure  is  always  uniformly  distributed,  and  never 
becomes,  as  is  the  case  in  other  pivots,  so  intense  at  certain  points 
as  to  force  out  the  unguent  and  grind  the  surfaces. 

In  the  cup  and  hall  pivot,  the  end  of  the  shaft,  and  the  step  on 
which  it  presses,  present  two  recesses  facing  each  other,  into  which 
are  fitted  two  shallow  cups  of  steel  or  hard  bronze.  Between  the 
concave  spherical  surfaces  of  those  cups  is  placed  a  steel  ball,  being 
either  a  complete  sphere,  or  a  lens  having  convex  surfaces  of  a 
somewhat  less  radius  than  the  concave  surfaces  of  the  cups.  The 
inonaent  of  friction  of  this  pivot  is  at  first  almost  inappreciable, 
from  the  extreme  smallness  of  the  radius  of  the  circles  of  contact 
of  the  ball  and  cups;  but  as  they  wear,  that  radius  and  the  moment 
of  fiiction  increase. 

By  the  rolling  of  two  surfaces  over  each  other  without  sliding,  a 
resistance  is  caused,  which  is  called  sometimes  "  rolling  friction," 
but  more  correctly  roUing  resistance.  It  is  of  the  nature  of  a  couple 
resisting  rotation;  its  moment  is  found  by  multiplying  the  normal 
pressure  between  the  rolling  surfaces  by  an  arm  whose  length 
depends  on  the  nature  of  the  rolling  surfaces;  and  the  work  lost 
in  an  unit  of  time  in  overcoming  it  is  the  product  of  its  moment 
by  the  angular  velocity  of  the  rolling  surfaces  relatively  to  each 
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other.   The  following  are  approximate  values  of  the  arm  in  decimals 
of  a  foot : — 

Oak  upon  oak, o*oo6  (Coulomb). 

Lignum-vitse  on  oak, 0*004         — 

Cast-iron  on  cast-iron, 0*002  (Tredgold). 

The  work  lost  in  friction  produces  heat  in  the  proportion  of  one 
British  thermal  unit,  being  so  much  heat  as  raises  the  temperature 
of  a  pound  of  water  one  degree  of  Fahrenheit,  for  every  772  foot- 
pounds of  lost  work. 

The  heat  produced  by  friction,  when  moderate  in  amount,  is 
useful  in  softening  and  Uquefying  unguents;  but  when  excessive, 
it  is  prejudicial  by  decomposing  ^e  unguents,  and  sometimes  even 
by  softening  the  metal  of  the  bearings,  and  raising  their  tempera- 
ture so  high,  as  to  set  fire  to  neighbouring  combustible  matters. 

Excessive  heating  is  prevented  by  a  constant  and  copious  supply 
of  a  good  unguent.  The  elevation  of  temperature  produced  by  the 
friction  of  a  journal  is  sometimes  used  as  an  experimental  test  of  the 
quality  of  unguents.  When  the  velocity  of  rubbing  is  about  four 
or  five  feet  per  second,  the  elevation  of  tempeiuture  has  been  found 
by  some  recent  experiments  to  be,  with  good  fatty  and  soapy  tui- 
gnents,  40°  to  50°  Fahrenheit,  with  good  mineral  unguents  about  30°. 

14a.  W«rk  •£  Acceleration.  {A.  M.,  12, 521-33,536,547,549, 554, 
589,  591,  593,  595-7.V--In  order  that  the  velocity  of  a  body's 
motion  may  be  changed,  it  must  be  acted  upon  by  some  other  body 
with  a  force  in  the  direction  of  the  change  of  velocity,  which  force 
is  proportional  directly  to  the  change  of  velocity,  and  to  the  mass 
of  the  body  acted  upon,  and  inversely  to  the  time  occupied  in  pro- 
ducing the  change.  K  the  change  is  an  acceleration  or  increase  of 
velocity,  let  the  first  body  be  called  the  driven  body,  and  the  second 
the  driving  body.  Then  the  force  must  act  upon  the  driven  body 
in  the  direction  of  its  motion.  Every  force  being  a  pair  of  equal 
and  opposite  actions  between  a  pair  of  bodies,  the  same  force  which 
accelerates  the  driven  body  is  a  resistomce  as  respects  the  driving 
body. 

For  example,  during  the  commencement  of  the  stroke  of  the 
piston  of  a  steam  engine,  the  velocity  of  the  piston  and  of  its  rod  is 
accelerated;  and  that  acceleration  is  produced  by  a  certain  part  of 
the  pressure  between  the  steam  and  the  piston,  being  the  excess  of 
that  pressure  above  the  whole  resistance  which  the  piston  has  to 
ovCTcome.  The  piston  and  its  rod  constitute  the  driven  body;  the 
steam  is  the  driving  body;  and  the  same  part  of  the  pressure  which 
accelerates  the  piston,  acts  as  a  resistance  to  the  motion  of  the 
steam,  in  addition  to  the  resistance  which  would  have  Jpvfef^'^cr- 
eome  if  the  velocity  of  the  piston  were  uniform.  JOglC 
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The  resistance  due  to  acceleratioii  is  computed  in  the  following 
manner : — ^It  is  known  by  experiment,  that  if  a  body  near  the 
earth's  surface  is  accelerated  hy  the  attraction  of  the  earth, — ^that 
is,  hy  its  own  weight,  or  b j  a  force  equal  to  its  own  weight,  its 
Telocity  goes  on  continually  increasing  very  nearly  at  the  rate  of 
32*2  feet  per  second  of  additional  velocity, /or  each  second  during 
which  the  force  acts.  This  quantity  varies  in  different  latitudes,  and 
at  different  elevations,  but  the  value  just  given  is  near  enough  to 
Uie  truth  for  purposes  of  mechanical  engineering.  For  brevity's 
sake,  it  is  usually  denoted  by  the  symbol  g;  so  ^t  if  at  a  given 
instant  the  velocity  of  a  body  is  Vi  feet  per  second,  and  if  its  own 
weighty  or  an  equal  force,  acts  freely  on  it  in  the  direction  of  its 
motion  for  t  seconds,  its  velocity  at  the  end  of  that  time  will  have 
increased  to 

Vt  —  v^+gt (1.) 

If  the  acceleration  be  at  any  different  rate  per  second,  the  force 
necessary  to  produce  that  acceleration,  being  the  resistance  on  the 
driving  body  due  to  the  acceleration  of  the  driven  body,  bears  the  same 
proportion  to  the  driven  body*s  weiglU  %chich  the  actual  rate  of  accele- 
ration bears  to  the  rale  of  acceleration  produced  by  gravity  acting 
freely. 

To  express  this  by  symbols,  let  the  weight  of  the  driven  body  be 
denoted  by  W.  Let  its  velocity  at  a  given  instant  be  Vi  feet  per 
second ;  and  let  that  velocity  increase  at  an  uniform  rate,  so  that 
at  an  instant  t  seconds  later,  it  is  Vs  feet  per  second. 

Let/ denote  the  rate  of  acceleration;  then 

/=^'; (2.) 

and  the  force  K  necessary  to  produce  it  will  be  given  by  the  pro- 
portion^ 

g./.'.W-.B,; 
that  is  to  a&j, 

^^/w^w(.,-.o 

9  9^  ^   ^ 

W 

The  factor  — ,  in  the  above  expression,  is  called  the  mass  of  the 

9 
driven  body;  and  being  the  same  for  the  same  body,  in  what  place 

soever  it  may  be,  is  held  to  represent  the  qwmtiiy  of  matter  in  the 

body.     (See  Addendum,  page  xiv.) 

The  product of  the  mass  of  a  body  into  its  velocity  at  any 


30  INTRODUCTION. 

instant,  is  called  its  momentum;  bo  that  the  resistance  due  to  a 
given  acceleration  is  equal  to  the  increase  ofmome^fUum  divided  by 
the  time  which  that  increase  occupies, 

11  the  product  of  the  force  by  which  a  body  is  accelerated,  equal 
and  opposite  to  the  resistance  due  to  acceleration^  into  the  time 
during  which  it  acts,  be  called  impulse,  the  same  principle  may  be 
otherwise  stated  by  saying,  that  the  increase  ofrruymerUum  is  equal 
to  the  impulse  by  which  it  is  caused. 

If  the  rate  of  acceleration  is  not  constant,  but  variable,  the  force 
R  varies  along  with  it     In  this  case,  the  value,  at  a  given  instant 

of  the  rate  of  accelemtion,  is  represented  by/  =  -v-,  and  the  coi^ 

responding  value  of  the  force  is 

R=/Z=Z.^^ (4.) 

g        g     dt  ^  ' 

The  WORK  PERFORMED  in  accelerating  a  body  is  the  product  of 
the  resistance  due  to  the  rate  of  acceleration  into  the  distance 
moved  through  by  the  driven  body  while  the  acceleration  is  going 
on.  The  resistance  is  equal  to  the  mass  of  the  body,  multiplied  by 
the  increase  of  velocity,  and  divided  by  the  time  which  that 
increase  occupies.  The  distance  moved  through  is  the  product  of 
the  mean  velocity  into  the  same  time.  Therefore,  the  work  per- 
formed is  equal  to  the  mass  of  the  body  multiplied  by  the  increase 
of  the  velocity,  and  by  the  mean  velocity;  that  is,  to  tlie  mass  of 
the  body,  multiplied  by  the  increase  of  the  halfsqiuire  of  its  velocity. 

To  express  this  by  symbols,  in  the  case  of  an  uniform  rate  of 
acceleration,  let  s  denote  the  distance  moved  through  by  the  driven 
Dody  during  the  acceleration;  then 

«  =  — 2"  ^> (^O 

which  being  multiplied  by  equation  3,  gives  for  the  work  of  accel- 
eration, 

XV  9  = .  — -T .  o —  •  I  = .  s — (0.) 

g  t  2  y  2  ^  ^ 

In  the  case  of  a  variable  i-ate  of  acceleration,  lot  v  denote  the  mean 
velocity,  and  ds  the  distance  moved  through,  in  an  interval  of  time 
dt  po  short  that  the  increase  of  velocity  dv  ia  indefinitely  small 
compared  with  the  mean  velocity.     Then 
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■which  being  multiplied  by  eqtiation  4,  gives  for  the  work  of  accel* 
eration  duiing  the  interval  d  t, 

Iid8  =  ^    .^1    .Vdt 

g      dt 

=  -   .vdvi (8.) 

9 

and  the  irdegraiion  of  this  expression  (see  Article  11a)  gives  ipr 
the  work  of  acceleration  during  a  finite  interval, 

JB.ds  =  ^j.dv^^.'i^ (9.) 

J  g  J  g  2  ^    ' 

being  the  same  with  the  result  already  arrived  at  in  equation  6. 

From  equation  9  it  appears  that  (he  vxn-k  performed  in  prodfucmg 
a  given  accderaiion  depends  on  the  initial  cmd  final  vdociUes,  v^  and, 
v^  and  not  on  the  intermediate  clumges  of  velocity. 

If  a  body  falls  freely  under  the  action  of  gravity  from  a  state  or 
rest  through  a  height  h,  so  that  its  initial  velocity  is  0,  and  its  finaT 
velocity  v,  the  work  of  acceleration  performed  by  the  earth  on  the 
body  is  simply  the  product  W  h  of  the  weight  of  the  body  into  th^ 
height  of  falL     Comparing  this  with  equation  6,  we  find — 

'=£ (!«•) 

This  quantity  is  called  the  height,  or  /ally  due  to  the  vdocnly  y ; 
and  &om  equations  6  and  9  it  appears  fhat  ike  work  perfonned  in 
producmg  a  given  acceleralion  is  the  same  with  that  performed  in 
lifting  the  driven  body  through  Hie  difference  of  the  Jieights  due  to  its 
initial  and  final  vdocities. 

If  work  of  acceleration  is  performed  by  a  prime  mover  upon 
bodies  which  neither  form  part  of  the  prime  mover  itself,  nor  of  the 
machines  which  it  is  intended  to  drive,  that  work  is  lost;  as  when 
a  marine  engine  peribrms  work  of  acceleration  on  the  water  that  ia 
struck  by  the  propeller. 

Work  of  acceleration  performed  on  the  moving  pieces  of  tha 
prime  mover  itself,  or  of  tiie  machinery  driven  by  it,  is  not  neces* 
sarily  lost,  as  will  afterwards  appear. 

15,  flwmwtton  mf  "Wmtft  •£  AccclerattoB — WLamemt  mt  Inmttm — ^Bc* 
*w««  liMTtta. — If  several  pieces  of  a  machine  have  their  velocities 
increased  at  the  same  time,  the  work  performed  in  accelerating  them 
is  the  sum  of  the  several  quantities  of  work  due  to  the  acceleration 
of  the  respective  pieces;  a  result  expressed  in  symbols  by 

s(?.^} r <V 

^9  ^         J  Digitized  by  GOOQle 
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The  process  of  finding  that  sum  is  facilitated  and  abridged  in 
certain  cases  by  special  methods. 

I  Accelerated  EotcUioiv^Jfoment  of  Inertia,— Let  a  denote  the 
angular  velocity  of  a  solid  body  rotating  about  a  fixed  axis;— that 
is,  as  explained  in  Article  5,  the  velocity  of  a  point  in  the  body 
whose  radius-vector,  or  distance  from  the  axis,  is  unity. 

Then  the  velocity  of  a  pai-ticle  whose  distance  from  the  axis 
isr,  is 

v  =  ar; (2.) 

and  if  in  a  given  interval  of  time  the  angular  velocity  is  accelerated 
from  the  value  a,  to  the  value  a„  the  increase  of  the  velocity  of  the 
particle  in  question  is 

V,  -  t?i  =  r(a,  -  a,) (3.) 

Let  to  denote  the  weight,  and  !f  the  mass  of  the  particle  in.  ques- 
tion. Then  the  work  performed  in  accelerating  it,  being  equal  to 
the  pixxiuct  of  its  mass  into  the  increase  of  the  half-square  of  its 
velocity,  is  also  equal  to  the  product  of  its  mass  into  tJie  squoflre  of  its 
radius-vector,  and  into  the  increase  of  the  half-square  of  the  anffula/r 
vdodty;  that  is  to  say,  in  symbols, 

<7   '        2       "~     ^      '        2        ^*-> 

To  find  the  work  of  acceleration  for  the  whole  body,  it  is  to  be  con- 
ceived to  be  divided  into  small  particles,  whose  velocities  at  any 
given  instant,  and  also  their  accelerations,  are  proportional  to  their 
distances  fix)m  the  axis ;  then  the  work  of  acceleration  is  to  be  found 
for  each  particle,  and  the  results  added  together.  But  in  the  sum  so 
obtained,  the  increase  of  the  half-square  of  the  angular  velocity  is  a 
conunon  factor,  having  the  same  value  for  each  particle  of  the  body; 
and  the  rate  of  acceleration  produced  by  gravity,  ^  =  32*2,  is  a 
common  divisor.  It  is  therdbre  sufficient  to  add  together  the  pro- 
ducts  of  the  weight  of  each  particle  (w)  into  the  square  of  its  radius- 
vector  (r^,  and  to  multiply  the  sum  so  obtained  {2  "w  i^)  by  the  in- 
crease of  the  half-square  of  Uie  angular  velocity  (  -  (a|  —  aj)  j ,  and 

divide  by  the  rate  of  accderation  due  to  gravity  (g).  The  result, 
\iz.:— 

t1-r;i_a|-a;     ^    ^wt- (5.) 


:{!£ 
(g 


g  2      i  2g 

is  the  work  of  acceleration  sought     In  fact,  the  sum  2  u?  r*  is  tJie 
weight  of  a  body,  which,  if  concentrated  at  the  dista/nce  unity  from 
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the  axis  of  rotation^  toould  require  iJie  saine  toork  to  produce  a  given 
increase  qfangtdar  velocity  which  the  actual  body  requires. 

The  term  moment  of  inertia  is  applied  in  some  writings  to  the 
sum  s  w  r*,  and  in  others  to  the  corresponding  mass  iwf^-^g. 
For  purposes  of  mechanical  engineering,  the  sum  3  ir  r*  is,  on  the 
whole,  the  most  convenient,  bemng  as  it  does  the  same  relation  to 
angular  acceleration  which  weight  does  to  acceleration  of  linear 
velocity. 

The  Radius  ofGyroitiony  or  Mean  Radius  of  a  rotating  body,  is  a 
line  whose  square  is  the  mean  of  the  squares  of  the  distances  of  its 
particles  from,  the  axis;  and  its  value  is  given  by  the  following 
equation : — 

•■=T^ <«■) 

SO  that  if  we  put  W  =  i  to  for  the  weight  of  the  whole  body,  the 
moment  of  inertia  may  be  represented  by 

i=yre (7.) 

The  following  examples  of  radii  of  gyration  of  bodies  of  different 
figures  rotating  about  their  axes  of  figure  are  extracted  from  a  more 
extensive  table  in  A.  M,,  578 : — 

SQUARE  OF 
figure  of  solid.  «.^„,„  ^«  ^,r«.».T^,r 

RADIUS  of  gyration. 

2  r* 

Sphere  of  radius  r, — =— 

o 

Spherical  shell — external  radius  r,  internal  r\ ^  \  ,  "    J 

^  '  5  (r*  -  r*) 

2  r* 
Spherical  shell,  insensibly  thin,  radius  r, -s— 

Cylinder  or  flat  circular  disc,  radius  r, -^ 

r*  4-  r'* 
Hollow  cylinder  or  ring,  external  radiue  r,  internal  /,     — -^ — 

Hollow  cylinder  or  ring,  insensibly  thin,  radius  r, r* 

The  square  of  the  radius  of  gyration  of  a  body  rotating  about  an 
axis  which  does  not  traverse  its  centre  of  gravity,  is  equal  to  the 
square  of  its  radius  of  gyration  about  a  parallel  axis  traversing  its 
centre  of  gravity,  added  to  the  square  of  the  distance  between  ^ose 
two  axes. 

II.  Inertia  Reduced  to  the  Driving  Pomt. — If  by  the  principles  of 
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pure  mechanism  it  is  known,  that  in  a  machine,  a  certain  moving 
piece  whose  weight  is  W,  has  a  velocity  always  bearing  the 
ratio  n :  1  to  the  velocity  of  the  driving  point,  it  is  evident  that 
when  the  driving  point  undergoes  a  given  acceleration,  the  work 
performed  in  producing  the  corresponding  acceleration  in  the  piece 
in  question  is  the  same  with  that  which  would  have  been  require<? 
if  a  weight  n*  W  had  been  concentrated  at  the  driving  point. 

If  a  similar  calculation  be  performed  for  each  moving  piece  in  the 
machine,  and  the  results  added  togetluer,  the  sum 

2-n»  W (8.) 

gives  the  weight  which,  being  concentiuted  at  the  driving  point, 
would  require  the  same  work  for  a  given  acceleration  of  the  driving 
l)oint  that  the  actual  machine  requires ;  so  that  if  v^  is  the  initial, 
and  Vt  the  final  velocity  of  the  driving  point,  the  work  of  accelera- 
tion of  the  whole  machine  is 

^~  ^  .  S-Ti'W (9.) 

This  operation  may  be  called  the  reduction  of  Uis  inertia  to  tlie 
dfixmg  point,  Mr.  Moseley,  by  whom  it  was  fbrst  introduced  into 
the  theory  of  machines,  calls  the  expression  (8.)  the  "  co-efficient  of 
steadiness"  for  reasons  which  will  afterwards  appear. 

In  finding  the  reduced  inertia  of  a  machine,  the  mass  of  eacb 
rotating  piece  is  to  be  treated  as  if  concentrated  at  a  distance  from 
its  axis  equal  to  its  radius  of  gyration  ^ ;  so  that  if  v  represents  the 
velocity  of  the  driving  point  at  any  instant,  and  a  the  corresponding 
angular  velocity  of  the  rotating  piece  in  question,  we  are  to  make 

«•  =  ^ • (10.) 

in  performing  the  calculation  expressed  by  the  formula  (8.) 

16.  nummmej  mf  Tari«Bs  Kinds  •f  w«rk. — In  order  to  present  at 
one  view  the  &f3nnbolical  expression  of  the  various  mod6s  of  perform- 
ing work  described  in  the  preceding  articles,  let  it  be  supposed  that  in 
a  certain  interval  of  time  d  t  the  driving  point  of  a  machine  moves 
through  the  distance  ds;  that  during  the  same  time  its  centre  of 
gravity  is  elevated  through  the  height  dh;  that  resistances,  any 
one  of  which  is  represented  by  It,  are  overcome  at  points,  the  re- 
spective ratios  of  whose  velocities  to  that  of  the  driving  point  are 
denoted  hyn ;  that  the  weight  of  any  piece  of  the  mechanism  is  W,  and 
that  w'  denotes  the  ratio  of  its  velocity  (or  if  it  rotates,  the  ratio  of 
the  velocity  of  the  end  of  its  radius  of  gyration)  to  the  velocity  of 
the  driving  point;  and  that  the  driving  point,  whose  mean  velocity 
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is  V  =  -^,  undergoes  the  acceleration  dv.    Then  the  ujhole  work 
pmformdd  during  the  interval  in  question  is 

JA-2  W  +  (^«-2nR  +  ^  .  2n'-W...a) 

9 
The  msan  total  resistance^  reduced  to  the  chiving  point,  may  be 
computed  by  dividing  the  above  expression  bj  the  motion  of  tho 
driving  point  da^vdt,  giving  the  following  result: — 

5^.2W  +  S«B+i^.S  «- W (a) 

Section  2. — Of  Deviating  and  Centrifugal  Force. 

17.  i^cvteiiiis  F«TCe  •r  »  Stegto  B«jf.  {A.  M,,  537.)— It  is  part 
of  the  first  law  of  motion,  that  if  a  body  moves  under  no  force,  or 
balanced  forces,  it  moves  in  a  straight  line.     {A.  M.y  510,  512.) 

It  is  one  consequence  of*  the  second  law  of  motion,  that  in  order 
that  a  body  may  move  in  a  curved  path,  it  must  be  continually 
acted  upon  by  an  unbalanced  force  at  right  angles  to  the  direction 
of  its  motion,  the  direction  of  the  force  being  that  towards  which 
the  path  of  the  body  is  curved,  and  its  magnitude  bearing  the  same 
ratio  to  the  weight  of  the  body  that  the  height  due  to  the  body's 
velocity  bears  to  half  the  radius  of  curvature  of  its  path. 

This  principle  is  expressed  symbolically  as  follows : — 

Half  radius  of     Height  dae  BodVs  Deviating 

cnrratnre.        to  velocity.  weignt.  force. 

2  2^  gr  "-   ' 

In  the  case  of  projectiles  and  of  the  heavenly  bodies,  deviating 
force  is  supplied  by  that  component  of  the  mutual  attraction  of 
two  masses  which  acts  perpendicular  to  the  direction  of  their  rela- 
tive motion.  In  machines,  deviating  force  is  supplied  by  the 
strength  or  rigidity  of  some  body,  which  guidee  the  revolving  mass, 
making  it  move  in  a  curve. 

A  pair  of  free  bodies  attracting  each  other  have  both  deviated 
motions,  the  attraction  of  each  guiding  the  other;  and  their  deviar 
tions  of  motion  relatively  to  their  common  centre  of  gravity  are 
inversely  as  their  masses. 

In  a  machine,  each  revolving  body  tends  to  press  or  draw  the 
body  which  guides  it  away  from  its  position,  in  a  direction  fit)m 
the  centre  of  curvature  .of  the  path  of  the  revolving  body;  and  that 
tendency  is  resisted  by  the  strength  and  stiffness  of  the  guiding 
body,  and  of  the  frame  with  which  it  is  connect^^d  by  GoOglc 
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18.  CentriAigai  F«rce  (A,  JH,,  538)  is  the  force  with  which  a 
revolving  body  reacts  on  the  body  that  guides  it,  and  is  equal  and 
opposite  to  the  deviating  force  with  which  the  guiding  body  acts 
on  the  revolving  body. 

In  fact,  as  has  been  already  stated,  every  force  is  an  action  be- 
tween two  bodies;  and  deviating  force  and  cerUrifugal  force  are  but 
two  different  names  for  the  same  force,  applied  to  it  according  as 
the  condition  of  the  revolving  body  or  that  of  the  guiding  body  is 
under  consideration  at  the  time. 

19.  A  B«T«lTing  PeaaaUim  is  one  of  the  simplest  practical  appli- 
cations of  the  principles  of  deviating  force,  and  is  described  here 
because  its  use  in  regulating  the  speed  of  prime  movers  will  after- 
wards have  to  be  referred  to.  It  consists  of  a 
ball  A,  suspended  from  a  point  C  by  a  rod  0  A 
of  smsJl  weight  as  compai^ed  with  the  ball,  and 
revolving  in  a  circle  about  a  vertical  axis  C  B. 
The  tension  of  the  rod  is  the  resultant  of  the 
weight  of  the  ball  A,  twjting  vertically,  and  of  its 
centrifugal  force,  acting  horizontally;  and  there- 
fore the  rod  will  assume  such  an  inclination  that 

^  height  BC  ^         -weight         ^ 9j:n\ 

'  radius  A  B      centrifugal  force       v'""^  *' 

where  r  =  A  B.     Let  T  be  the  nvmber  oftwrvs  per  second  of  the 
pendulum;  then 

v==2«-Tr; 

and  therefore,  making  B  C  =  A, 

^^  9 


h  = 


r»  -4*»T' 


/•    ^v    w^  1     fT     A     X  0-8154  foot      9-7848  inches    ,^. 
=  (m  the  latitude  of  London) =^ = =j^ •••(2.) 

20.  DeTiatlni;  Force  in  Terms  of  Angnlar  Telocity*  (A,  M,y  540.) 
— ^When  a  body  revolves  in  a  circular  path  round  a  fixed  axis,  as 
is  almost  always  the  case  with  the  revolving  parts  of  machines,  the 
radius  of  curvature  of  its  path,  being  the  perpendicular  distance  of 
the  body  from  the  axis,  is  constant;  and  the  velocity  v  of  the  body 
is  the  product  of  that  radius  into  the  angular  velocity ;  or  symboli- 
cally, as  in  Article  5 — 

v  =  ar  =  2«-Tr. 

If  these  values  of  the  velocity  be  substituted  for  v  in  equation  1  of 
Article  17,  it  becomes—  Digitized  by  Googlc 
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Q  = 


Wa*r      W-4»*T^r 


9 


.(1.) 


21.  itoMitauM  c«BttifligBl  FMTce.  {A.  M.y  603.) — The  whole  cen- 
tanfiigal  force  of  a  body  of  any  figure,  or  of  a  system  of  connected 
bodies,  rotating  about  an  axis,  is  the  same  in  amouiU  and  direction 
as  if  the  whole  mass  weie  concentrated  at  the  centre  of  gravity  of 
the  system.  That  is  to  say,  in  the  formula  of  Article  20,  W  is  to 
be  held  to  represent  the  weight  of  the  whole  body  or  system,  and  r 
the  perpendicular  distance  of  its  centre  of  gravity  from  the  axis; 
and  the  line  of  action  of  the  resultant  centri^gal  force  Q  is  always 
paraUd  to  r,  although  it  does  not  in  every  case  coincide  with  r. 

When  the  axis  of  rotation  traverses  the  centre  of  gravity  of  the 
body  or  system,  the  amount  of  the  centriliigal  force  is  nothirig; 
that  is  to  say,  the  rotating  body  does  not  tend  to  pull  its  axis  as  a 
whole  out  of  its  place. 

The  centrifugal  forces  exerted  by  the  various  rotating  pieces  of 
a  machine  against  'the  bearings  of  their  axles  are  to  be  taken  into 
account  in  determining  the  latei^al  pressures  which  cause  friction, 
and  the  strength  of  the  axles  and  frsonework. 

As  those  centrifugal  forces  cause  increased  friction  and  stress, 
and  sometimes,  also,  by  reason  of  their  continual  change  of  direc- 
tion, produce  detrimental  or  dangerous  vibration,  it  is  desirable  to 
reduce  them  to  the  smallest  possible  amount;  and  for  that  purpose, 
unless  there  is  some  special  reason  to  the  contrary,  the  axis  of  ro- 
tation of  every  piece  which  rotates  rapidly  ought  to  traverse  its 
centre  of  gravity,  that  the  resultant  centrifugal  force  may  be  no- 
thing. 

22.  C^cntrWigal  C^vple— Pcrauuicm  Ascta. — It  is  not,  however, 
sufficient  to  annul  the  effect  of  centrifugal  force,  that  there  should 
be  no  tendency  to  shijt  the  axis  as  a  whole;  there  should  also  be 
no  tendency  to  turn  it  into  a  new  angular  position. 

To  show,  by  the  simplest  possible  example,  that  the  latter  ten- 
dency may  exist  without 
the  former.  Jet  the  axis  of 
rotation  of  the  system 
shown  in  fig.  8  be  the 
centre  line  of  an  axle  rest- 
ing in  bearings  at  E  and  F. 
At  B  and  D  let  two  arms 
project  perpendicularly  to 
that  axle,  in  opposite  direc- 
tions in  the  same  plane, 
carrying  at  their  extremi-  ^'  ^    ^ 

ties  two  heavy  bodies  A  and  C.     Let  the  weights 'wfii^Sirms  be 
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insensible  as  compared  with  the  wei^ts  of  those  bodies;  and  let 
the  weights  of  the  bodies  be  inverselj  as  their  distances  from  the 
axis ;  that  is,  let 

A-AB  =  CCD. 

Let  A  C  be  a  straight  line  joining  the  centres  of  gravity  of  A 
and  Cy  and  cuttins^the  axis  in  G;  then  G  is  the  common  centre  of 
gravity  of  A  and  0,  and  being  in  the  axis,  the  resultant  centiifagal 
force  is  nothing. 

In  other  words,  let  a  be  the  angular  velodiy  of  the  rotation^ 
then 

The  centrifugal  force  exerted  on  the  axis  by  A 

a»  A'AB 

-  9        '/ 

The  centrifugal  force  exerted  on  the  axis  by  0 

g'C    CD 

"         9         ' 
and  those  forces  are  equal  in  magnitude  and  opposite  in  direction  ; 
80  that  there  is  no  tendency  to  remove  the  point  G  in  any  direc- 
tion. 

There  is,  however,  a  tendency  to  turn  the  aads  aboui  the  point  G, 
being  the  product  of  the  common  magnitude  of  the  cotiple  of  cen- 
trifugal forces  above  stated,  into  their  leverage ;  that  is,  the  perpoi- 
dicular  distance  £  D  between  their  lines  of  action.  That  product 
19  called  the  momerU  of  the  centrifugcU  couple;  and  is  represented  by 

QBD; (1.)' 

Q  being  the  common  magnitude  of  the  equal  and  opposite  centri- 

That  couple  causes  a  couple  of  equal  and  opposite  pressures  of 
the  journals  of  the  axle  against  their  bearings  at  E  and  F,  in  the 
directions  represented  by  the  arrows,  and  of  the  magnitude  given 
by  the  formula — 

<»-i§^ ■• « 

these  pressures  continually  change  their  directions  as  the  bodies 
A  and  0  revolve;  and  they  are  resisted  by  the  strength  and 
rigidity  of  the  bearings  and  frame.  It  is  desirable,  when  practi- 
cable, to  reduce  them  to  nothing ;  and  for  that  purpose,  the  points 
B,  G,  and  D  should  coincide;  in  which  case  the  centre  line  of  the 
axle  E  F  is  said  to  be  a  permomerU  cms. 

When  there  are  more  than  two  bodies  in  the  rotating  system, 
the  centrifugal  couple  is  found  as  follows ;—  ^  I 
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Let  X  X',  fig.  9,  represent  the  axis  of  rotation;  G,  the  centre  of 
gravity  of  liie  rotating  body  or  system,  situated  in  that  axis ;  so 
that  the  resultant  cen^ifugal  force  is  nothing. 

Let  "W  be  any  one  of  the  parts  of 
which  the  body  or  system  is  com- 
posed, so  that,  the  weight  of  that 
part  being  denoted  hy  W,  the 
weight  of  the  whole  body  or  sys- 
tem may  be  denoted  by  a  •  W. 

Let  r  denote  the  perpendicular 
distance  of  tiie  centre  of  W  from 
the  axis;  then 

WaV 

is  the  oentrifngal  force  of  "W,  pull-  Fig.  9. 

ing  the  axis  in  the  direction  x  "W, 

Assume  a  pair  of  axes  of  co-ordinates,  Q  Z,  G  Y, 
perpendicular  to  X  X'  and  to  each  other,  and  fixed 
relatively  to  the  rotating  body  or  system — ^that  is, 
rotating  along  with  it. 

From  W  let  £sJl  W  y  perpendicular  to  the  plane 
of  GX  and  G  Y,  and  parallel  to  GZ ;  also  W Zy 
perpendicular  to  the  plane  of  GX  and  GZ,  and 
paiallel  to  G  Y ;  and  make  Fig.  10. 

«y  =  W«r=y ;  aj«  =  Wy  =  *;   Gaj  =  a. 

Then  the  centrifugal  force  which  "W  exerts  on  the  axis,  and  which 
is  proportional  to  r,  may  be  resolved  into  two  components,  in  the 
direction  of,  and  proportional  to,  y  and  z  respectively,  viz. : — 

ILf!!j^  parallel  to  G  Y,  and 
9 


9 


^parallel  to  G  Z; 


and  those  two  component  forces,  being  both  applied  at  the  end  of 
the  lever  Q  x=zx,  exert  Tnoments,  or  tendencies  to  turn  the  axis 
X  X'  about  tiie  point  G,  expressed  as  follows : — 

^^'y^,  tending  to  turn  G  X  about  G  Z  towards  G  Y ; 
9 

^LjtH,  tending  to  turn  GX  about  G  Y  toward* G Z. , 
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IxL  the  same  manner  are  to  be  found  the  several  moments  of  the 
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centrifugal  forces  of  all  the  other  parts  of  which  the  body  or  aystem 
consists;  and  care  is  to  be  taken  to  distinguish  moments  which 
tend  to  turn  the  axis  towards  G  Y  or  G  Z  from  those  which  tend  to 
turn  it  from  those  positions^  by  treating  one  of  these  classes  of 
quantities  as  poBitive,  and  the  other  as  negative. 

Then  by  adding  together  the  positive  moments  and  subtracting 
the  negative  moments  for  all  the  parts  of  the  body  or  system,  are 
to  be  fo\md  the  two  sums, 

-  .  S-Wya:;  -  .  S-W«a:> (3.) 

9  9 

which  represent  the  total  tendencies  of  all  the  centrifugal  forces  to 
turn  the  axis  in  the  planes  of  G  Y  and  G  Z  respectively. 

In  ^g,  10,  lay  down  G  Y  to  represent  the  former  moment,  and 
G  Z,  perpendicular  to  G  Y,  to  represent  the  latter.  Then  the  dia- 
gonal G  M  of  the  rectangle  G  Z  M  Y  will  represent  the  resultant 
moment  of  what  is  called  the  Centrifuqal  Couple,  and  the  direc- 
tion of  that  line  will  indicate  the  direction  in  which  that  couple 
tends  to  turn  the  axis  G  X  about  the  point  G.  Its  value,  and  its 
angular  position,  are  given  by  the  equations. 
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The  condition  which  it  is  desirable  to  fulfil  in  all  rapidly  rotating 
pieces  of  machines,  that  the  axis  of  rotation  shall  be  a  permanerU 
aons,  is  fulfilled  when  each  of  the  sums  in  the  formula  3  is  nothing; 
that  is,  when 

S  -WyastO  •  S  'W  zx=zO, (5.) 

The  question,  whether  the  axis  of  a  rotating  piece  is  a  permanent 
axis  or  not,  is  tested  experimentally  by  making  the  piece  spin  round 
rapidly  with  its  shaft  resting  in  bearings  which  are  suspended  by 
chains  or  cords,  so  as  to  be  at  liberty  to  swing  to  and  fix).  K  the 
axis  is  not  a  permanent  axis,  it  oscillates;  if  it  is  a  permanent  axis, 
it  remains  st^y. 

The  practical  application  of  those  principles  to  locomoti^^  engines 
will  be  explained  in  the  sequel 

Section  Z,—0/Eforty  Energy/,  Power,  and  Efficiency. 

23.  Bir«rc  is  a  name  applied  to  a  force  which  acts  on  a  body  in 
the  direction  of  its  motion  {A.  M,,  511).  GoOqIc 

If  a  force  is  applied  to  a  body  in  a  direction  making  tSL  acute 


EFFORT — UNIFORM  SPEED.  31 

angle  with  the  direction  of  the  body's  motion,  the  component 
of  that  oblique  force  along  the  direction  of  the  body's  motion  is  an 
effort.  That  is  to  say,  in  fig.  11,  let  A  B  represent  the  direction 
in  which  A  is  moving;  let  A  F  repre-  .^^      ^ 

sent  a  force  applied  to  A,  obliquely  to  a^  p  b 

that;  direction;  from  F  draw  F  P  per-  x~    j  ' 

pendicular  to  A  B;   then  A  P  is  the  ^sl 

effort  due  to  the  force  AF.     The  tran»-  ' 

verse  component  PF  is  a  lateral  force,  ^' 

like  the  transverse  component  of  the  oblique  resisting  force  in 

Article  8. 

To  express  this  algebraically,  let  the  entire  force  A  F  =  F,  the 
effort  AP  =  P,  the  lateral  force  P~F  =  Q,  and  the  angle  of  obli- 
quity P  A  F  =  /.     Then 

^=^•"'•"'1 (1.) 

Q=F-8in  ^3  ^   ^ 

24.  Cradittoa  •€  Vwdfmwm  SpMMk  (A,  M,,  510,  512,  537.) — ^Ac- 
cording to  the  first  law  of  motion,  in  order  that  a  body  may  move 
uniformly,  the  forces  applied  to  it,  if  any,  must  balance  each  other; 
and  the  same  principle  holds  for  a  machine  consisting  of  any  num- 
ber of  bodies. 

When  the  direction  of  a  body's  motion  varies,  but  not  the  vdocitt/, 
the  lateral  force  required  to  produce  the  change  of  direction  depends 
on  the  principles  set  forth  in  Section  2 ;  but  the  condition  of  balance 
still  holds  for  the  forces  which  act  along  the  direction  of  the  body's 
motion,  that  is,  for  the  efforts  and  resistances;  so  that,  whether  for 
a  single  body  or  for  a  machine,  the  condition  of  uniform  velocity  is, 
that  the  efforts  shaU  bakmce  the  resistances. 

In  a  machine,  this  condition  must  be  fulfilled  for  each  of  the 
single  moving  pieces  of  which  it  consists. 

It  can  be  shown  from  the  principles  of  statics  (that  is,  the  science 
of  balanced  forces),  that  in  any  body,  system,  or  machine,  that  con- 
dition is  fulfilled  when  the  sum  of  the  products  of  the  efforts  into  the 
velocities  of  their  respective  points  of  action  is  equal  to  die  sum  of  the 
products  of  the  resistances  into  the  velocities  of  the  points  where  they 
areovercome. 

Thus,  let  V  be  the  velocity  of  a  driving  point,  or  point  where  an 
effort  P  is  applied ;  v'  the  velocity  of  a  working  point,  or  point  where 
a  resistance  It  is  overcome ;  the  condition  of  uniform  velocity  for  any 
body^  system,  or  machine  is 

2  •  P  t?  =  a  •  R  i/ (1.) 

If  there  be  only  one  driving  point,  or  if  the  velocities  of  all  the 
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driTiiig  points  be  alike,  tiien  P  being  the  total  effort,  the  single 
product  P  V  may  be  put  in  in  place  of  the  sum  2  •  P  v;  reducing 
the  above  equation  to 

Pt?  =  2  •  Rt/ (2.) 

Referring  now  to  Article  9,  let  the  machine  be  one  in  which  the 

cofnparatwe  or  praportionaie  Telocities  of  all  the  points  at  a  given 

instant  are  known  independently  of  their  absolute  velocities,  from 

the  construction  of  the  machine ;  so  that,  for  example,  the  velocity 

of  the  point  where  the  resistance  R  is  overcome  bears  to  that  of 

the  driving  point  the  ratio 

f/ 
-=  n; 

V 

then  the  condition  of  uniform  speed  may  be  thus  expressed  : — 

P  =  2  •  n  R; (3.) 

that  is,  the  total  ^art  is  equal  to  the  sum  of  the  resistances  reduced  to 
the  driving  point 

25.  B.criT-P«ceiHtei  BMTiT.  {A.  M.,  514,  517,  593,  G60.)— 
Energy  means  capacity  for  performing  ux)rk,  and  is  expressed,  like 
work,  by  the  product  of  a  force  into  a  space. 

The  energy  of  an  effort,  sometimes  cdled  "potential  energy^*  (to 
distinguish  it  from  another  form  of  energy  to  be  afterwards  referned 
to),  is  the  product  of  the  effort  into  the  distcmce  through  which  it  is 
capable  of  acting.  Thus,  if  a  weight  of  100  pounds  be  placed  at  an 
elevation  of  20  feet  above  the  ground,  or  above  the  lowest  plane 
to  which  the  circumstances  of  the  case  admit  of  its  descending, 
that  weight  is  said  to  possess  potential  energy  to  the  amount  of 
100  X  20  =  2,000  foot-pounds;  which  means,  that  in  descending 
from  its  actual  elevation  to  the  lowest  point  of  its  course,  the 
weight  is  capable  of  performing  work  to  that  amount. 

To  take  another  example,  let  there  be  a  reservoir  containing 
10,000,000  gallons  of  water,  in  such  a  position  that  the  centre  of 
gravity  of  the  mass  of  water  in  the  reservoir  is  100  feet  above  the 
lowest  point  to  which  it  can  be  made  to  descend  while  overcoming 
resistance.  Then  as  a  gallon  of  water  weighs  10  lbs.,  the  weight  of 
the  store  of  water  is  100,000,000  lbs.,  wHch  being  multiplied  by 
the  height  through  which  that  weight  is  capable  of  acting,  100  feet, 
gives  10,000,000,000  foot-pounds  for  the  potential  energy  of  the 
weight  of  the  store  of  water. 

26.  B4«Ult7  •€  Eacrgr  Ezcrtedl  amd  W«vk  Perf^medL — ^When 
an  effort  actually  does  drive  its  point  of  application  through  a 
certain  distance,  eneigy  to  the  amount  of  the  product  of  ihe  effort 
into  that  distance  is  said  to  be  exerted;  and  the  potential  energy, 


WOBK  AKD  SNEROT— AOCELEBAnON.  33 

or  energy  wliich  remaiiiB  capable  of  being  exerted,  is  to  that  amount 
diminished. 

When  the  energy  is  exerted  in  driving  a  machine  at  an  uniform 
speedy  it  is  eqtud  to  the  toork  performed. 

To  express  this  algebraically,  let  t  denote  the  time  during  which 
the  eneigy  is  exerted,  v  the  velocity  of  a  driving  point  at  which  an 
effort  P  ia  applied,  a  the  distance  through  which  it  is  driven,  t/  the 
velocity  of  any  working  point  at  which  a  resistance  R  is  overcome^ 
tf  the  distance  through  which  it  is  driven;  then 

8  =  v  t;  tf=v'  t; 

and  multiplying  equation  1  of  Article  24  by  the  time  t,  we  obtain 
the  following  equation : — 

2Pi;«  =  2*R^«  =  2-P«  =  2R«'; (1.) 

which  expresses  the  equality  of  energy  exerted,  and  work  per- 
formed, for  constant  efforts  and  resistances. 

When  the  efforts  and  resistances  vaiy,  it  is  sufficient  to  refer  to 
Article  11,  to  show  that  the  same  principle  is  expressed  as 
follows : — 

2J  Tda^^  f'Rds'; (2.) 

where  the  symbol  /  expresses  the  operation  of  finding  the  work 

performed  against  a  vaiying  resistance,  or  the  energy  exerted  by  a 
varying  effort,  as  the  case  may  be;  and  the  symbol  2  expresses  the 
operation  of  adding  together  the  quantities  of  energy  exerted,  or 
work  performed,  as  the  case  may  be,  at  different  points  of  the 
machine. 

27.  TariMM  FactMrs  •€  Ebcvit* — A  quantity  of  energy,  like  a 
quantity  of  work,  may  be  computed  by  multiplying  either  a  force 
into  a  distance,  or  a  statical  moment  into  an  angular  motion,  or  the 
intensity  of  a  pressure  into  a  volume.  These  processes  have  already 
been  explained  in  detail  in  Articles  5  and  6. 

28.  The  Kacrgy  Excrl«d  in  PrMlacIng  Acc«lenUi«B  (A,  M.,  549) 
is  equal  to  the  work  of  acceleration,  whose  amount  has  been  inves- 
tigated in  Articles  14  a  and  15. 

29.  The  Acc«icratiiic  BA-^rt  {A,  M.,  554)  by  which  a  given 
increase  of  velocity  in  a  given  mass  is  produced,  and  which  is 
exerted  by  the  driving  body  against  the  driven  body,  is  equal  and 
opposite  to  the  resistance  due  to  acceleration  which  the  driven 
body  exerts  against  the  driving  body,  and  whose  amount  has  been 
given  in  Articles  14  A  and  15.  Referring,  therefore,  to  equations  4 
and  8^of  Article  14  A,  we  find  the  two  following  expressions,  the  first 
of  which  gives  the  accelerating  effort  required  to  produce  a  given 
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ftoceleration  dviaA  body  whose  weight  is  W,  when  the  tme  dt  in 
which  that  acceleration  is  to  be  produced  is  given,  and  the  second, 
the  same  accelerating  effcnrt,  when  the  disUmoe  dt  :=  vdtin  which 
the  acceleration  is  to  be  produced  is  given : — 

^      g  '  di <^> 


^W    ^^,W    d{^ 

^   n    '     dm   "   a   '  ^  d  Ji *^ \^) 


da"  g  '  2d8'" 

Beferring  next  to  Article  15,  case  1,  we  find  from  equations  5, 
6,  and  7,  tJustt  the  work  of  acceleration  corresponding  to  an  increase 
^  a  in  the  angular  velocity  of  a  rotating  body  whose  moment  of 
inertia  is  I,  is 

I'd(a^     la  da 
2g  g 

Let  c?<  be  the  twney  and  di  —  adt  the  tmgrdar  motion  in  n^ich 
that  acceleration  is  to  be  produced;  let  P  be  the  accelerating  effort, 
and  I  its  leverage^  or  the  perpendicular  distance  of  its  line  of  action 
£rom  the  axis;  then,  accoi4ing  as  the  time  dt,  or  the  angle  (ft,  is 
given,  we  have  the  two  following  expressions  for  the  aocdefraling 

P?  =  -.^ (3.) 

g    d%  ^  ' 

-I    ajrfa_  I    dj^  ... 

'  g'   di   "  g'  2di ^^ 

Lastly,  referring  to  Article  15,  case  2,  equation  9,  we  find,  that 
if  a  train  of  mechanism  consists  of  various  parts,  and  if  "W  be  the 
weight  of  any  one  of  those  parts,  whose  velocity  «/  bears  to  that  <rf 

the  driving  point  v  the  ratio  —  =  ^  then  the  accelerating  effiart 

which  must  be  applied  to  the  driving  point,  in  order  that,  during 
the  interval  dt,  in  which  the  driving  point  moves  through  the 
distance  ds  =  vdt,  that  point  may  undergo  the  acceleration  d  v, 
and  each  weight  W  the  corresponding  acceleration  ndv,^&  given 
by  one  or  other  of  the  two  formulae — 

^"^  "T"^-  di ^^> 


in'W    vd9     an'W    dM  ,.. 

9   ''dT^  -7-  •  2ds;aodgr^ 
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{A.  M.,  528,  549,  550.)-— In  order  to  cavae  a  ^ven  retardation,  or 
diminution  of  tiie  velocity  of  a  given  body,  in  a  given  time,  or 
while  it  traverses  a  given  distance,  resistanoe  must  be  opposed  to 
its  motion  equal  to  the  effort  which,  would  be  required  to  produce 
in  the  same  time,  or  in  the  same  distance,  an  acceleration  equal  to 
the  retardation. 

A  moving  body,  therefore,  while  being  retarded,  overcomes  re- 
iistance  and  performs  tvork;  and  that  work  is  equal  to  the  enefgy 
exerted  in  piodacing  an  aooelerati0n  of  the  same  body  equal  tc  the 
retardation. 

It  is  for  this  reason  that  it  has  been  stated,  in  Article  12,  that 
the  work  performed  in  accelerating  the  speed  of  the  moving  pieces 
of  a  machine  is  not  necessarily  lost;  for  those  moving  pieces,  by 
retmning  to  their  original  speed,  are  capable  of  performing  an 
equal  amount  of  work  in  overcoming  resistance;  so  that  the  per- 
formance of  sadi  work  is  not  prevented,  but  only  deferred.  Henoe 
energy  exerted  in  acceleration  is  said  to  be  stored;  and  when  by  a 
saheequent  and  equal  retardation  an  equal  amount  of  work  is  per- 
ibrmed,  that  energy  is  said  to  be  restored. 

The  algebraical  expressions  iot  the  rektions  between  a  retarding 
resistance,  and  the  retardation  which  it  produces  in  a  given  body 
by  acting  during  a  given  time  or  through  a  given  space,  are  ob- 
tained from  the  equations  of  Article  29  tampij  by  putting  R,  the 
symbol  for  a  resistance,  instead  of  P,  the  symbol  for  an  effort,  and 
^v,  the  cfymbcd  foir  a  retardation,  instead  of  dv,  the  symbol  for 
an  acceleration. 

31.  The  Actnl  KMfgT  {A.  IT,  547,  589)  of  a  moving  body  is 
the  work  -^ddch  it  is  capable  of  p^orming  against  a  retarding 
redstanoe  before  being  brought  to  rest,  and  is  equal  to  the  energy 
which  must  be  exerted  on  the  body  to  bring  it  from  a  state  of  rest 
to  its  actual  vdooity.  The  value  cf  that  quantity  is  the  prodtuci  of 
the  wdght  <f  the  body  into  Iks  height  from  which  U  must  faU  to 
iiequire  its  actual  velocity;  that  is  to  say, 

^^  .    (1.) 

The  total  actual  energy  of  a  system  of  bodies,  each  moving  with 
its  own  velocity,  is  denoted  by 

nd  when  thoee  bodies  are  the  i^eoes  of  a  machine,  whose  velocities 
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bear  definite  ratios  (any  one  of  which  is  denoted  by  n)  to  the  yelo- 
dtj  of  the  driving  point  v,  their  total  actual  energy  is 

^•'«'W. (3) 

being  the  prodttct  qfthe  reduced  inerUa  (or  co-efficient  of  steadiness, 
as  Mr.  Moseley  calls  it)  into  the  height  due  to  the  velocity  of  the 
driving  poinL 

The  actnal  eneigy  of  a  rotating  body  whose  angular  velocity  is  o^ 
and  moment  of  inertia  a  W  r*  =  I,  is 

2g' ^*> 

that  IB,  the  product  o/the  moment  o/inertia  into  the  height  due  to  Hie 
velocity y  2ky  of  a  pointy  whoee  di^ance  from  the  axie  of  rotation  is 
unity. 

When  a  given  amount  of  energy  is  alternately  stored  and  re- 
stored by  alternate  increase  and  diminution  in  the  speed  of  a  ma- 
chine, the  actual  energy  of  the  machine  is  alternately  increased  and 
diminished  by  that  amount. 

Actual  energy,  like  motion,  is  relative  only.  That  is  to  say,  in 
computing  the  actual  energy  of  a  body,  which  is  the  capacity  it 
possesses  of  performing  work  upon  certain  other  bodies  by  reason 
of  its  motion,  it  is  the  motion  rdatively  to  those  other  bodies  that  is 
to  be  taken  into  account. 

For  example,  if  it  be  wished  to  determine  how  many  turns  a 
wheel  of  a  locomotive  engine,  rotating  with  a  given  velocity,  would 
make,  before  being  stopped  by  the  friction  of  its  bearings  only,  sup- 
posing it  lifted  out  of  contact  with  the  rails, — ^the  actual  energy  of 
that  wheel  is  to  be  taken  reUxtindy  to  the  frame  of  the  engine  to 
which  those  bearings  are  fixed,  and  is  simply  the  actual  energy  due 
to  the  rotation.  But  if  the  wheel  be  supposed  to  be  detached  j&om 
the  engine,  and  it  is  inquired  how  high  it  wHl  ascend  up  a  perfectly 
smooth  inclined  plane  before  being  stopped  by  the  attraction  of  the 
earthy  then  its  actual  energy  is  to  be  taken  relatively  to  the  earth; 
that  is  to  say,  to  the  energy  of  rotation  already  mentioned,  is  to  be 
added  the  energy  due  to  the  trandaUon  or  forward  motion  of  the 
wheel  along  with  its  axis. 

32.  A  Recipr^cattag  F«rc«  {A.  M,y  556)  is  a  force  which  acts 
alternately  as  an  effort  and  as  an  equal  and  opposite  resistance, 
according  to  the  direction  of  motion  of  the  body.  Such  a  force  is 
the  weight  of  a  moving  piece  whose  centre  of  gravity  alternately 
rises  and  faXiB\  and  sudh  is  the  elasticity  of  a  perfectly  elastic  body. 
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The  "work  which  a  body  perfonns  in  moving  against  a  redprocaidng 
foice  is  employed  in  increasing  its  own  potential  energy,  and  is  not 
lost  by  the  body;  so  that  by  the  motion  of  a  body  alternately 
against  and  with  a  reciprocating  force,  energy  is  stored  and  re- 
stored,  as  well  as  by  alternate  acceleration  and  retardation. 

Let  2  W  denote  the  weight  of  the  whole  of  the  moving  pieces 
of  any  machine,  and  h  a  height  throngh  which  the  common  centre 
of  gravity  of  them  all  is  alternately  nosed  and  lowered.  Then  the 
(joantity  of  energy^  i  j  xtr 

is  stored  while  the  centre  of  gravity  is  rising,  and  restored  while  it 
is&Uing. 

These  principles  are  illnstrated  by  the  action  of  the  plungers  of 
a  single  acting  pumping  steam  engine.  The  weight  of  those 
^xmgsra  acts  as  a  resistance  while  they  are  being  lifted  by  the 
presore  of  the  steam  on  the  piston;  and  the  same  weight  acts  as 
effort  when,  the  plungers  descend  and  diive  before  them  the  water 
ndth  which  the  pump  barrels  have  been  filled.  Thus,  the  eneigy 
exerted  by  the  steam  on  the  piston  is  stored  during  the  up-stroke  ' 
of  the  plungers ;  and  during  their  down-stroke  the  same  amount  of 
energy  is  restored,  and  employed  in  performing  the  work  of  raising 
water  and  overcoming  its  friction. 

33.  i»grt#ilrBl  n^tiMi.  {A.  if.,  553.)— If  a  body  moves  in  suck 
a  manner  that  it  periodically  returns  to  its  original  velocity,  then 
at  the  end  of  each  period,  the  entire  variation  of  its  actual  energy 
is  nothing ;  and  if,  during  any  part  of  the  period  of  motion,  energy 
has  been  stored  by  acceleration  of  the  body,  the  same  quantity  of 
energy  exactiy  must  have  been  during  another  part  <^  the  period 
restored  by  retardation  of  the  body. 

If  the  body  aiso  returns  in  the  course  of  the  same  period  to  the 
same  position  relatively  to  all  bodies  which  exert  reciprocating 
forces  on  it — ^for  example,  if  it  returns  periodically  to  the  same 
elevation  relatively  to  tiie  earth's  surfEioe — any  quantity  of  energy 
which  has  been  stored  during  one  part  of  the  period  by  moving 
against  reciprocating  forces  must  have  been  exactiy  restored  during 
another  part  of  the  period. 

Hence  ait  the  end  of  each  period,  the  equudUy  of  energy  and  work, 
and  the  balance  of  mean  effort  cmd  mean  resistance,  holds  wUh 
respect  to  the  drvomg  effort  cmd  the  resistances,  exactly  as  if  the  speed 
were  vmform  cmd  the  reciprocating  forces  rmU;  and  all  the  equa- 
tions of  Articles  24  and  26  are  appHcable  to  periodic  motion,  pro- 
vided that  in  the  equations  of  Article  24,  and  equation  1  of  Article 
26,  P,  B,  and  v  are  held  to  denote  the  mean  valties  of  the  efforts, 
resistuices,  and  velocities, — that  s  and  tf  are  held  to  denote  spaces 
moved  through  in  one  or  more  entire  periods, — and  that  in  eqi^ 
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tion  2  of  Article  26,  the  int^rations  denoted  by    T  be  Held  to 

ttLtend  to  one  or  more  enlvre  periods. 

Theie  piincipkfi  are  illustrated  by  the  steam  engba  The  velo- 
cities of  its  moving  parts  are  continually  varying,  and  those  of 
some  of  them,  such  as  the  piston,  are  periodically  reversed  in  direc- 
tion. Bat  at  the  end  of  each  p^od,  called  a  rivclviiicmy  or  d&Me- 
ttroke,  every  part  returns  to  its  original  poeition  and  velocity ;  so 
that  the  egualUy  of  energy  <md  work,  and  the  equaUly  of  the  mean 
effort  to  the  mean  resistaince  reduced  to  ike  driving  point, — ^that  is, 
the  equality  of  the  mean  effective  pressure  of  the  steam  on  the  pis- 
ton to  the  mean  total  resistance  reduced  to  the  piston — ^hold  for 
one  or  any  whole  nimiber  of  complete  revolmUone,  exactly  as  for 
unilbrm  speed. 

It  thus  appeam  that  there  are  two  fundamentally  different  ways 
ci  considering  a  periodically  moving  machine,  each  of  which  must 
be  employed  in  suooessicm,  in  order  to  obtain  a  complete  knowledge 
of  its  wcnHdng. 

L  In  the  first  place  is  considered  the  action  of  the  machine 
during  one  or  more  whole  periods,  with  a  view  to  the  determina- 
tion of  the  relation  between  the  mean  resistances  and  mean  efforts, 
and  of  the  efficiency;  that  is,  the  ratio  which  the  ueeftd  part  of 
its  work  bears  to  the  whole  expenditure  of  energy.  The  motion  of 
every  ordinaiy  machine  is  either  uniform  or  periodical 

IL  In  the  second  place  is  to  be  considered  the  action  of  the 
machine  during  intervals  of  time  less  than  its  period,  in  order  to 
determine  the  law  of  the  periodic  changes  in  the  motions  of  the 
pieces  of  which  the  machine  consists,  and  of  the  periodic  or  recip- 
rocating forces  by  which  such  changes  are  produced. 

34.  scuttMr  wMk  st^ppins.  {A.  if.,  691.) — The  starting  of  a 
machine  consists  in  setting  it  in  motion  from  af  state  of  rest,  and 
bringing  it  up  to  its  proper  mean  velocity.  This  operation  requires 
the  exertion,  besides  the  energy  required  to  overcome  the  mean  re- 
sistance, of  an  additional  quantity  of  energy  equal  to  the  actual 
energy  of  the  machine  when  moving  with  its  mean  velocity,  as  found 
according  to  the  principles  of  Article  31. 

If,  in  order  to  stop  a  machine,  the  effort  of  the  prime  mover  is 
simply  suspended,  the  machine  will  continue  to  go  imtil  work  has 
been  performed  in  overcoming  resistances  equal  to  the  actual  energy 
due  to  the  speed  of  the  machine  at  the  time  of  suspending  the  effort 
of  the  prime  mover. 

In  order  to  diminish  the  time  required  by  this  operation,  the 
resistance  may  be  increased  by  means  of  the  fiiction  of  a  braie. 
Brakes  will  be  farther  described  in  the  sequel 

35.  The  EflctencT  of  a  machine  {A.  if.,  660,  664)  has  alrea^j 
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been  defined  to  be  a  fraction  expressing  the  ratio  of  the  useM 
work  to  the  whole  work  perform^  whidi  is  eqnal  to  the  eaoffrgy 
expended.  The  limit  to  the  efficiencY*of  a  machine  is  unify,  denot- 
ing the  eflEkiency  of  a  perfect  machine  in  which  no  work  is  lost. 
TlhMd  object  of  improyements  in  machines  is  to  bring  their  effideooy 
as  near  to  nnity  as  possible. 

As  to  nsefnl  and  lost  work,  see  Article  12.  The  algebraical  ex- 
pression of  the  efficiency  of  a  machine  having  nniform  or  periodical 
motion,  is  obtained  by  introducing  the  distinction  between  nsefiil 
and  lost  work  into  the  equations  of  the  conservation  of  energy.  Thns, 
let  P  denote  the  mean  effcnrt  at  the  driving  point,  s  the  space  de- 
scribed by  it  in  a  given  interval  of  time,  bdng  a  whole  nnmber  of 
pmods  or  revolutions,  Kj  the  mean  useful  resistance,  9i  the  space 
through  which  it  is  overcome  in  the  same  interval,  Bg  any  one  of 
the  prejudicial  resistances,  ^  the  space  through  which  it  is  over- 
come; then 

P«  =  Rx«i  +  2  •  R,^; (1.) 

and  the  efficiency  of  the  machine  is  expressed  by 

In  many  cases  the  lost  work  of  a  machine,  E,  8^  consists  of  a  oon« 
stant  part,  and  of  a  part  bearing  to  the  useful  work  a  proportion 
depending  in  some  definite  manner  on  the  sizes,  figures,  arrange- 
ment, and  connection  of  the  pieces  of  the  train,  on  which  also  de- 
pends the  constant  part  of  the  lost  work.  In  such  cases  the  whole 
energy  expended  and  the  efficiency  of  the  machine  are  expressed  by 
the  equations 

P#  =  (H-A)Rx«,+  B; 

Ri*i  1 


"  "'+^+^., 


(3.) 


and  the  first  of  these  is  the  mathematical  expression  of  what  Mci 
Moseley  calls  the  "  modulus  '*  of  a  machine. 

The  useful  work  of  an  intermediate  piece  in  a  train  of  mechanism 
consist^  in  driving  the  piece  which  follows  it,  and  is  less  than  the 
energy  exerted  upon  it  by  the  amoimt  of  the  work  lost  in  overcom- 
ing its  own  Mction.  Hence  the  efficiency  of  such  an  intermediate 
piece  is  the  ratio  of  the  work  perfonned  by  it  in  driving  the  follow- 
ing piece,  to  the  ener^  exerted  on  it  by  the  preceding  piece;  and  it 
is  evident  that  the  efficiency  of  a  machine  is  the  prcStict  of  the  effi- 
eiencies  o/ the  seri^  of  Tnovifig  pieces  tohich  tr(m9mU  energy  from  the 
drivmg poMd  to  th^  working poiiU.  ^.g,^^,  .^  Google 
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The  same  principle  applies  to  a  train  of  suceeaswe  maehinea,  each 
^liying  that  which  follows  it. 

36.  P«wcr  and  Effeet— H«ne-P«wcr. — ^The  powor  of  a  machine 
is  the  energy  exerted,  and  the  ^^,  the  useful  work  peiformed,  i^ 
some  interval  of  time  of  definite  lengthy  soch  as  a  second^  a  minute^ 
an  hour,  or  a  day. 

The  unit  of  power  called  conventionally  a  horse-poioer,  is  550 
foot-pounds  per  second,  or  33,000  foot-pounds  per  minute,  or 
1,980,000  foot-pounds  per  hour.  The  effect  is  equal  to  the  power 
multiplied  by  the  efficiency.  The  loss  of  power  is  the  difference 
between  the  effect  and  the  power.     (See  also  Article  3.^ 

37.  Omcgal  BvMttoik — ^The  foUowing  general  equation  presents 
at  one  view  the  principles  of  the  action  of  machines,  whether  mov- 
ing uniformly,  periodically,  or  otherwise : — 

J  J  2g 

where  W  is  the  weight  of  any  moving  piece  of  the  machine ; 

A,  when  positive,  the  elevation,  and  when  negative,  the  depres- 
sion, which  the  common  centre  of  gravity  of  all  the  moving  pieces 
undergoes  in  the  interval  of  time  under  consideration  j  Vi  the  velo- 
city at  the  beginning,  and  Vg  the  velocity  at  the  end,  of  the  interval 
in  question,  with  which  a  given  particle  of  the  machine  of  the 
weight  W  is  moving; 

g,  the  acceleration  which  gravity  causes  in  a  second,  or  32*2  feet 
per  second; 

\  "R  d  sly  the  work  performed  in  overcoming  any  resistance 

during  the  interval  in  question; 

I  T  ds,  the  energy  exerted  during  the  interval  in  question. 

The  second  and  third  terms  of  the  right  hand  side,  when  positive, 
are  energy  stored;  when  negative,  energy  restored 

The  principle  represented  by  the  equation  is  expressed  in  words 
as  follows : — 

The  energy  exerted,  added  to  the  energy  restored,  is  equal  to  the 
energy  stared  added  to  the  work  performed. 

Section  A:^— Of  Dynamometers, 

38.  Pyw— itJtcM  are  instruments  for  measuring  and  recording 
the  energy  exerted  and  work  performed  by  machines.  They  may 
be  classed  as  follows : — 

L  Instruments  which  merely  indicate  the  force  exerted  between 
A  driving  body  and  a  driven  body   leaving  the  distance  through 
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irlich  that  force  is  exerted  to  be  obeerved  indqwudentlj.  The 
fi>Uowiiig  are  ezampleB  of  this  class : — 

€k  The  wei^t  of  a  scdid  body  may  be  so  8oq)ended  as  to  balance 
the  resistance  to  be  overcome,  as  in  Mr.  Scott  Bossell's  experi- 
ments on  the  resistance  of  canal  boats,  published  in  the  TrtmmtO' 
Uona  oftke  Boyal  Society  ofEdwJburgh^  toL  xIy. 

h.  The  weight  of  a  cdnmn  of  liquid  may  be  employed  to  balance 
and  measure  the  effort  required  to  drag  a  carriage  or  other  body, 
as  in  the  mercorial  dynamometer  invented  by  ^.  John  Milne  of 
Sdinbmgh. 

c.  The  available  enetOT  of  a  prime  mover  may  be  wholly  ex* 
pended  in  overcoming  friction,  the  magnitude  of  which  is  measured 
by  a  weight,  as  in  'ttoafs  dynamometer,  to  be  afterwards  more 
particularly  described. 

d.  A  spring  balance  may  be  interposed  between  a  prime  mover 
and  a  body  whose  resistance  it  overcomes,  so  as  to  indicate  at  each 
instant  the  magnitude  of  that  resistance. 

IL  Instruments  which  record  at  once  the  forces  motion^  and 
work  of  a  machine,  by  drawing  a  line,  straight  or  curved,  as  the 
case  may  be  (such  as  that  shown  in  fig.  3,  Article  11)  whose 
abecissse  represent  on  a  suitable  scale  the  distances  moved  through, 
its  ordinates  the  corresponding  resistances  overcome,  and  its  area 
the  work  performed. 

A  dynamometer  of  this  class  consists  essentially  of  two  principal 
parts :  a  spring  whose  deflection  indicates  the  force  exerted  between 
a  driving  body  and  a  driven  body,  and  a  band  of  paper,  or  a  card, 
moving  at  right  angles  to  the  direction  of  deflection  of  the  spring 
with  a  velociiy  bearing  a  known  constant  proportion  to  the  velo- 
city with  which  the  resistance  is  overcome,  llie  spring  carries  a 
pen  or  pencil,  which  marks  on  the  paper  or  card  the  required  line. 
The  following  examples  of  tbia  class  of  instruments  will  be  de* 
scribed  in  the  sequel: — 

Ow  Morin's  Traction  Dynamometer. 

5.  Morin's  Botatoiy  Dynamometer. 

e.  Watt  and  M^Naught's  Steam  Engine  Indicator. 

in.  Instruments  which  record  the  work  performed,  but  not  the 
resistance  and  motion  separately.  ,      ^ 

39.  Ffm^  Fiictf— PjMMiii^i  "^ 
measures  the  useful  work  performed 
by  a  prime  mover,  by  causing  the 
whole  of  that  work  to  be  expended 
in  overcoming  the  friction  of  a 
brake.     In  ^,  12,  A  represents  a  pj    ^2^ 

cylindrical   drum,  driven   by  the 
prime  mover.    The  block  D,  attached^  to  the  lever  B  0,  and  the 
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smaller  blocks  with  which  the  chain  E  is  shod,  form  a  brake  which 
embraces  the  drum,  and  which  is  tightened  by  means  of  the  screws 
Fy  Fy  nntil  its  friction  is  sufficient  to  cause  the  drum  to  rotate  at 
an  miiform  speed.  The  end  0  of  the  lever  carries  a  scale  G,  in 
which  weights  are  placed  to  an  amount  just  sufficient  to  balance 
the  friction,  and  keep  the  lever  horisontaL  The  lever  ought  to  be 
80  loaded  at  B  that  when  there  are  no  wdghts  in  the  scale,  it  shall 
be  balanced  upon  the  axi&  The  lever  is  prevented  from  deviating 
to  any  inconvenient  extent  from  a  horizontal  position  by  means  of 
safety  stops  oir  guards  H,  K. 

The  weight  of  the  load  in  the  scale  which  balances  the  friction 
being  multiplied  into  the  horizontal  distance  of  the  point  of  suspen- 
sion O  from  the  axis,  gives  the  momefni  offrictiony  which  being 
multiplied  into  the  angalar  velocity  of  the  drum,  gives  the  raie  of 
ukeful  •vsork  or  effective  power  of  the  prime  mover. 

As  the  whole  of  that  power  is  expended  in  overcoming  the  fric- 
tion between  the  drum  and  the  brake,  the  heat  produced  is  in 
general  considerable;  and  a  stream  of  water  must  be  directed  on 
the  rubbing  surfaces  to  abstract  that  heat. 

The  friction  dynamometer  is  simple  and  easily  made;  but  it  is 
ill  adapted  to  measure  a  variable  effort;  and  it  requires  that  when 
the  power  of  a  prime  mover  is  measured,  its  ordinary  work  should 
be  interrupted,  which  is  inconvenient  and  sometimes  impracticable. 

40.  nmrlB'a  TnclloM  'DjmtammimtMt* — The  descriptions  of  this 
and  some  other  dynamometers  invented  by  General  Morin  are 
abridged  from  his  works  entitled  Sur  queUj^iea  Appareila  dynamo^ 
metriqaes  and  Notions  fcTiclameniaies  de  Mecanique. 

Fig.  13  is  a  plan  and  fig.  13  a  an  elevation  of  a  dynamometer  for 
recording  by  a  diagram  the  work  of  dragging  a  load  horizontally. 
a  a,  bb,  are  a  pair  of  steel  springs,  through  which  the  tractive 
force  is  transmitted,  and  which  serve  by  their  deflection  to  measure 
that  force.  They  are  connected  together  at  the  ends  by  the  steel 
links  fyf.  The  effort  of  the  prime  mover  is  applied,  through  the 
link  r,  to  the  gland  d,  which  is  fixed  on  the  middle  of  the  fore- 
most spring;  the  equal  and  opposite  resistance  of  the  vehicle  is 
applied  to  the  gland  c,  which  is  fixed  on  the  middle  of  the  after- 
most spring.  When  no  tractive  force  is  exerted,  the  inward  &ces 
of  the  springs  are  straight  and  parallel ;  when  a  force  is  exerted, 
the  springs  are  bent,  and  are  drawn  apart,  tl^rough  a  distance  pro- 
portional to  the  force.  The  springs  are  protected  against  b^mg 
bent  so  far  as  to  injure  them  by  means  of  the  safety  bridles  t,  t, 
with  their  bolts  e,  e.  Those  bridles  are  carried  by  the  after-gland, 
and  their  bolts  serve  to  stop  the  foremost  spring  when  it  is  drawn 
forward  as  far  as  is  consistent  with  the  preservation  of  ^asticity 
and  strength.  ^  Digitized  by  Google 
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*The  finme  of  the  apparatus  for  giving  motioii  to  the  paper  band 


f 
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t 


Fig.  13  a. 

is  carried  by  the  afber-gland.  The  principal  parts  of  that  apparatus 
are  the  following : — 

I,  store  drum  on  which  the  paper  band  is  rolled  before  the  com- 
mencement of  the  experiment,  and  off  which  it  is  drawn  as  the 
ezpeiimeBt  proceeds; 

g,  taMng-up  drum,  to  which  one  end  of  the  paper  band  is  glued, 
and  which  draws  along  and  rolls  up  the  paper  band  with  a  velocity- 
proportional  to  that  of  the  vehicle.  Fixed  on  the  axis  of  this  drum 
is  a  fusee  having  a  spiral  groove  round  it,  whose  radius  gradually 
increases  at  the  same  rate  as  that  at  which  the  effective  radius  of 
the  drum  g  is  increased  during  its  motion  by  the  rolling  of  succes- 
sive coils  of  paper  upon  it.  The  object  of  this  is  to  prevent  that 
increase  of  the  effective  radius  of  the  drum  from  accelerating  the 
speed  of  the  paper  band ; 

n  is  a  dnun  which  receives  through  a  train  of  wheelwork  and 
endless  screws,  a  velocity  proportional  to  that  of  the  wheels  of  the 
vehicle,  and  which,  by  means  of  a  cord,  drives  the  fusee.  The 
mechanism  is  usually  so  designed  that  the  paper  moves  at  one- 
fiftieth  of  the  speed  of  the  vehicla 

Between  the  drums  I  and  g,  there  are  three  small  rollers  to  sup- 
port the  paper  band  and  keep  it  steady. 

One  of  i^e  safety  bridles  carries  a  pencil  k,  which,  being  at  rest 
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relatively  to  the  frame  of  the  recording  apparattis,  traces  a 
straight  line  on  the  band  of  paper  as  the  latter  travels  below 
the  pendL  That  line  is  called  the  zero  line,  and  corresponds  to 
O  X  in  fig.  3. 

An  arm  fixed  to  the  forward  gland  carries  another  pencil,  whose 
position  is  adjusted  before  the  experiment^  so  that  when  there  is 
no  tractive  force  its  point  rests  on  the  zero  line.  Dnring  the  ex- 
periment,  this  pencil  traces  on  the  paper  band  a  line  such  as 
ERG,  fig.  3,  whose  ordinate  or  distance  from  any  given  point  in 
the  zero  line  is  the  deflection  of  the  pair  of  springs,  and  propor- 
tional to  the  tractive  force,  at  the  corresponding  point  in  the  jour* 
ney  of  the  vehicle. 

The  areas  of  the  diagrams  drawn  by  this  apparatus,  representing 
quantities  of  work,  may  be  found  either  by  the  method  described 
in  Articles  11,  11  a,  or  by  an  instrument  for  measuring  the  areas  of 
plane  figures,  called  the  PUmimeier,  of  which  various  forms  have 
been  invented  by  Ernst,  Sang,  Clerk  Maxwell,  Amstler,  and 
others. 

A  third  pencil,  actuated  by  a  dock,  is  sometimes  caused  to  mark 
a  series  of  dots  on  the  paper  band  at  equal  intervals  of  time,  and 
so  to  record  the  changes  of  velodty. 

When  one  vehide  (such  as  a  locomotive  engine)  drags  one  or 
more  others,  the  apparatus  may,  if  convenient,  be  turned  hind  side 
before,  and  carried  by  the  foremost  vehicle.  In  such  a  case  the 
motion  of  the  band  of  paper  ought  to  be  derived,  not  from  a  driving 
wheel,  which  is  liable  to  slip,  but  from  a  bearing  whe«L 

When  the  apparatus  is  used  to  record  the  tractive  force  and 
work  performed  in  towing  a  vessd,  the  apparatus  for  moving  the 
paper  band  may  be  driven  by  means  of  a  wheel  or  fan,  acted  upon 
by  the  water;  in  which  case,  the  ratio  of  the  vdodty  of  the  band 
to  that  of  the  vessd  should  be  determined  by  experiment. 

Owing  to  the  varieties  which  exist  in  the  elastidty  of  sted,  the 
relation  between  the  deflections  of  the  springs  and  the  tractive 
forces  can  only  be  roughly  calculated  beforehand,  and  should  be 
determined  exactiy  by  direct  experiment — that  is,  by  hanging 
known  weights  to  the  springs  and  noting  the  deflections. 

The  best  form  of  longitudinal  section  for  each  spring  is  that 
which  gives  the  greatest  flexibility  for  a  given  strength,  and  con- 
sists of  two  parabolas,  having  their  vertices  at  the  two  ends  of  the 
spring,  and  meeting  Imuso  to  base  in  the  middle— -that  ia  to  say,  the 
tidcbaess  of  the  spring  at  any  given  point  of  its  length  should  be 
y  proportional  to  the  square  root  of  the  distance  of  that  point  from 
the  nearest  end  of  the  spring.     To  express  this  by  a  formula^  let 

e  be  the  half-length  of  the  spring; 

h  the  thickness  in  the  middle;  Digitized  by  GoOqIc 
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X  the  distance  of  any  point  in  the  spring  from  the  end  nearest 
to  it; 

K  the  thiakneHB  at  that  point;  then 


^'  =  *V7- 


.(1.) 


The  breadth  of  each  spring  should  be  uniform,  and,  according  to 
General  Morin,  should  not  exceed  from  1^  to  2  inches.  Let  it  be 
denoted  by  6. 

The  foUowing  is  the  formula  for  calculating  beforehand  the  pro- 
hable  joint  deflection  of  a  given  pair  of  springs  under  a  given  trao* 
tive  force : — 

Let  the  dimensions  e,  h,  b,  be  stated  in  inches,  and  the  force  P 
in  pounds. 

Let  y  denote  the  deflection  in  inches. 

Let  E  denote  the  modultia  of  elasticity  of  steel,  in  pounds  on  tho 
square  inch.  Its  value,  for  different  specimens  of  steel,  varies  frt)m 
29,000,000  to  42,000,000,  the  smaller  values  being  the  most  com- 
mon.    Then 

8Pc» 


y  = 


E6A»* 


.(2.) 


The  deflection  should  not  be  permitted  to  exceed  about  one- 
tenth  part  of  the  length  of  the  springs. 

41.  Oi«riH*ii  WLmtmMmrf  'DjmMmmmtiur  is  represented  in  figs.  14,  14  a, 


Fig.  14. 


Fig.  14  a. 


and  is  designed  to  record  the  work  performed  by  a  prime  mover  in 
transmitting  rotatoiy  motion  to  any  machine.     A  is  a  &st  pulley. 
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and  0  a  loose  pulley,  on  the  same  shaft.  A  belt  transmits  motion 
from  the  prime  mover  to  one  or  other  6f  those  pulleys  according  as 
it  is  desired  to  transmit  motion  to  the  shaft  or  not 

A  third  pulley,  B,  on  the  same  shafb,  carries  the  belt  which 
transmits  motion  to  the  machine  to  be  driven.  This  pulley  is  also 
loose  on  the  shaft  to  a  certain  extent,  so  that  it  is  capable  of  mov- 
ing relatively  to  the  shaft,  backwards  and  forwards  through  a  small 
arc,  sufficient  to  admit  of  the  deflection  of  a  steel  sjning  by  which 
motion  is  transmitted  from  the  shaft  to  the  pulley. 

One  end  of  that  spring  is  fixed  to  the  shaft,  so  that  the  spring 
projects  from  the  shaft  like  an  arm,  and  rotates  along  with  it 
The  other  end  g£  the  spring  ia  connected  with  the  pulley  B  near  its 
circumference,  and  is  ihe  means  of  driving  that  pidley;  so  that  the 
spring  undergoes  deflection  proportional  to  the  effort  exerted  by 
the  shaft  on  tike  pulley. 

A  frame  projecting  radially  like  an  arm  from  the  shaft,  and 
rotating  along  wiUi  it,  carries  an  apparatus  similar  to  that  used  in 
the  tzaction  dynanKuneter,  for  ma^g  a  band  of  paper  move  radi- 
ally with  req)ect  to  the  shaft  with  a  velocity  proportional  to  the 
speed  with  which  the  shaft  rotates.  A  pencil  carried  by  this  frame 
traces  a  zero  line  on  the  paper  band;  and  another  pencil  carried 
by  the  end  of  the  spring,  traces  a  line  whose  ordinates  represent 
the  forces  exerted,  just  as  in  the  traction  dynamometer. 

The  mechanism  for  moving  the  paper  band  is  driven  by  a  toothed 
ring  surrounding  the  shaft,  and  kept  at  rest  while  the  shaft  rotates 
by  means  of  a  catch.  When  that  catch  is  drawn  ba<^  tiie  toothed 
ring  is  set  free,  rotates  along  with  the  shaft,  and  ceases  to  drive 
the  mechanism;  and  thus  the  motion  of  the  pi^per  band  can  be 
stopped  if  necessary.     (See  Addendum,  page  80!) 

42.  llEmriH'a  lategnuteg  l^jmammmeun  record  simply  the  work 
performed  in  dragging  a  vehicle  or  driving  a  machine,  without  re- 
cording sqpaxately  the  force  and  the  motion.  The  general  principle 
of  the  method  by  which  this  is  effected  is  shown  by  fig.  15,  in 

which  A  represents  a  plane  circular 
disc,  made  to  rotate  with  an  angular 
velocity  proportional  to  the  speed  of 
^^  the  motion  of  the  vehicle  or  machine, 
and  B  a  small  wheel  driven  by  the 
friction  of  the  disc  against  its  edge, 
Yig,  1&.  toad  having  its  axis  pazalld  to  a 

radius  of  the  disc,  iftie  wheel  B, 
and  some  mechanism  which  it  drives,  are  earned  by  a  frame 
which  is  carried  by  one  of  the  dynamometer  springs,  and  so  ad- 
justed that  the  distance  of  the  edge  of  B  from  the  centre  of  A  is 
equal  to  ^e  deflection  of  the  ^rings,  and  proportional  to  t3ie  effort 
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The  Telocity  of  the  edge  of  B  at  any  instant  being  the  product 
of  its  distance  firom  the  centre  of  A  into  the  angular  velocity  of  A, 
ia  proportional  to  the  product  of  the  effort  into  the  velocity  of  the 
T^de  or  machine — that  is,  to  the  rate  al  which  work  is  per/armed; 
therefore  the  motion  of  the  wheel  B,  in  any  interval  of  time,  is 
proportional  to  the  work  perfbrmod  in  thai  time;  and  that  work  can 
be  recorded  by  means  of  dial  plates,  with  indexes  moved  by  a  train 
of  wheelwork  driven  by  the  wheel  B. 

43.  MmMfmsm  IjplitMiiiM  t»  tke  Mmub  ItMghMv — This  instrument 
"was  invented  by  Watt,  and  has  since  been  improved  by  other  in- 
ventors, and  especially  by  Mr.  M'Naught.  Its  object  is  to  record, 
by  means  of  a  diagram,  the  intensity  of  the  pressure  exerted  by 
steam  against  one  of  the  faces  of  a  piston  at  each  point  of  the  pis- 
ton's motion,  and  so  to  afford  the  means  of  computing,  according 
to  the  principles  of  Article  6  and  Article  11,  first,  the  energy 
exerted  by  the  steam  in  driving  the  piston  during  the  forward 
stroke ;  secondly,  the  work  lost  by  the  piston  in  expelling  the 
steam  frcm  the  cylinder  during  the  return  stroke;  and  thirdly,  the 
dififerenoe  of  these  quantities,  which  is  the  available  or  effective 
energy  exerted  by  the  steam  on  the  piston,  and  which,  being  mul- 
tiplied by  the  number  of  strokes  per  minute  and  divided  by  33,000 
foot-pounds,  gives  the  indicated  hobss-power. 

The  indicatcHT  in  its  present  form  is  represented  by  fig.  16.  AB 
18  a  cylindrical  case.     Its  lower  end  A  contains        ^ 

a  small  cylinder,  fitted  with  a  piston,  which ^\_ 

<7linder,  by  means  of  the  screwed  noede  at  its 
lower  end,  can  be  fixed  in  any  convenient  posi- 
tion  on  a  tube  communicating  with  that  end  of 
the  engine  cylinder  where  the  work  of  the  steam 
is  determined.  The  commimication  between  the 
engine  cylinder  and  the  indicattnr  cylinder  can  be 
opened  and  shut  at  will  by  means  of  the  cock  K. 
When  it  is  open,  the  intensity  of  the  pressiure  of 
the  steam  on  the  engine  piston  and  on  the  indi- 
cator piston  is  the  same,  or  nearly  the  same. 

The  xspper  end  B  of  the  cylindrical  case  con- 
tains a  u^inl  spring,  one  end  of  which  is  at- 
tached to  the  piston  or  to  its  rod,  and  the  other 
to  the  top  of  the  casing.  The  indicator  piston 
is  pressed  from  below  by  the  steam,  and  from 
above  by  the  atmosphora^  When  the  pressure 
of  tha  steam  is  equal  to  that  of  the  atmosphere, 
the  spring  retains  its  unstrained  length,  and  the  piston  its  original 
position.  "Wben  the  prefisore  of  the  steam  exceeds  that  of  the 
a^moaphere^  the  piston  is  diivcoi  outwards,  and  the  spring  com- 
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pressed;  when  the  pressnre  of  the  steam  is  less  than  that  of  the 
atmosphere,  the  piston  is  driven  inwards,  and  the  spring  extended. 
The  compression  or  extension  of  the  spring  indicates  the  difference, 
upward  or  downward,  between  the  pressure  of  the  steam  and  that 
of  the  atmosphere. 

A  short  arm  G  projecting  from  the  indicator  piston  rod  carries  at 
one  side  a  pointer  D,  which  shows  the  pressure  on  a  scale  whose 
zero  denotes  the  pressure  of  the  cUmosphere,  and  which  is  graduated 
into  pounds  on  the  square  inch  both  upwards  and  downwards 
from  that  zero.  At  the  other  side,  the  short  arm  has  a  longer  arm 
jointed  to  it,  carrying  a  pencil  R 

F  is  a  brass  drum,  which  rotates  backward  and  forward  about  a 
vertical  axis,  and  which,  when  about  to  be  used,  is  covered  with  a 
piece  of  paper  called  a  "  card."  It  is  alternately  pulled  round  in 
one  direction  by  the  cord  H,  which  wraps  on  the  pulley  G,  and 
pulled  back  to  its  original  position  by  a  spring  contained  within 
itself.  The  cord  H  is  to  be  connected  with  the  mechanism  of  the 
steam  engine  in  any  convenient  manner  which  shall  insure  that 
the  velocity  of  rotation  of  the  drum  shall  at  every  instant  bear  a 
constant  ratio  to  that  of  the  steam  engine  piston :  the  back  and 
forward  motion  of  the  surface  of  the  drum  representing  that  of  the 
steam  engine  piston  on  a  reduced  scale.  This  having  been  done, 
and  before  opening  the  cock  K,  the  pencil  is  to  be  placed  in  con- 
tact with  the  drum  during  a  few  strokes,  when  it  will  mark  on  the 
card,  a  line  which,  when  the  card  is  afterwards  spread  out  flat, 
becomes  a  straight  line.  This  line,  whose  position  indicates  the 
pressure  of  the  atmosphere,  is  called  the  atmospheric  line.  In  flg. 
17,  it  is  represented  by  A  A. 
Then  the  cock  K  is  opened,  and  the  pencil  moving  up  and  down 

with  the  variations  of  the  pressure 
of  the  steam,  traces  on  Uie  card 
during  each  complete  or  double 
stroke  a  curve  such  as  B  0  D  E  B. 
The  ordinates  drawn  to  that  curve 
from  any  point  in  the  atmospheric 
line,  such  as  HK  and  HG,  indi- 
cate the  differences  between  the 
pressure  of  the  steam  and  the  at- 
mospheric pressure  at  the  corre- 
sponding point  of  the  motion  of  the 
piston.  The  ordinates  of  the  part  B  CD  E  represent  the  pres- 
eures  of  the  steam  during  the  forward  stroke,  when  it  is  driving 
the  piston;  those  of  the  part  E  B  represent  the  pressures  of  the 
steam  when  the  piaton  is  expelling  it  from  the  cylinder. 

To  found  exact  investigations  on  the  indicator  diagrams  of  steam 


1^.17. 


STEAM  SarODTE  DmiGATOB.  49 

engines,  the  atmospheric  pressure  at  the  time  of  the  experiment 
ought  to  be  ascertained  by  means  of  a  barometer;  but  this  is  gene- 
rally omitted;  in  which  case  the  atmospheric  pressure  may  be 
assumed  at  its  mean  value,  being  14*7  lbs.  on  the  square  inch,  or 
2116'4  Iba  on  the  square  foot,  at  and  near  the  level  of  the  sea. 

Let  A  O  =  H  F  be  ordinates  representing  the  pressure  of  the 
atmosphere.  Then  O  F  Y  parallel  to  A  A,  is  the  abaoluie  or  true 
zero  line  of  the  diagram,  corresponding  to  no  preaaure;  and  ordi- 
nates drawn  to  the  curve  from  that  line  represent  the  absolute 
iQtensities  of  the  pressure  of  the  steam.  Let  O  B  and  L  E  be  ordi- 
nates touching  the  ends  of  the  diagram;  then 

OL  represents  the  volume  traversed  by  the  piston  at  each  single 
stroke  (  =  s  A^  where  8  is  the  length  of  the  stroke  and  A  the  area 
of  the  piston); 

The  area  O  B  C  D  E  L  O  represents  the  energy  exerted  by  the 
steam  on  the  piston  during  the  forward  stroke; 

The  area  O  B  E  L  O  represents  the  work  lost  in  expelling  the 
steam  dtuing  the  back  stroke; 

The  area  B  C  D  E  B,  being  the  difference  of  the  above  areas,  re- 
presents the  effective  work  of  the  steam  on  the  piston,  during  the 
complete  stroke. 

Those  areas  can  be  foimd  by  the  method  explained  in  Article  11a. 

The  mean/onocMrd  presewre,  the  mean  hack  preaewrey  and  the  Tnean 
^tdwe  preeavrey  are  found  by  dividing  those  three  areas  respec- 
tively by  the  volume  a  A,  which  is  represented  by  O  L. 

Those  mean  pressures,  however,  can  be  found  by  a  direct  process, 
without  first  measuring  the  areas,  viz. : — 

Divide  the  length  of  the  diagram  O  L  into  any  convenient  num- 
ber, n,  of  equal  parts  (the  usual  number  is  ^en),  and  measure  the 
ordinates  at  the  two  ends  and  the  n—  1  points  of  division;  so  that 
ordinates  are  measured  from  n-h  1  equi-distant  points  in  O  L. 

Let  pfi  be  the  first,  p^  the  last,  and  pi,  p^  &c,  the  intermediate 
ordinates  of  the  upper  curve  C  D  E ;  let  p'^  be  the  first,  p'^  the  last, 
and  |/„  p\  Ac.,  the  intermediate  ordinates  of  the  lower  curve 
£GB;  let  p.  denote  the  mean  forward  pressure,  p*^  the  mean 
back  pressure,  and^.-^.  the  mean  effective  pressure.    Then 
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It  is  obvious  that  the  mean  effective  pressnre  may  be  computed 
ftt  once  irreq)ectivel7  of  the  forward  and  back  pressures,  and  of  the 
true  zero  line,  simply  by  measuring  a  series  of  equi-distant  breadths 
of  the  diagram  perpendicular  to  A  A,  such  as  GK  ;  the  mean  of 
which  breadths  represents  the  mean  effective  pressure.  That  is,  let 
bo  be  the  first,  5.  the  last,  and  bi,  b^  &c,  the  intermediate  breadths; 
then 

l,.-y.=i(^  +  5.  +  6,  +  &c.) (2.) 

The  effective  energy  exerted  by  the  steam  on  the  piston  during 
cadi  double  stroke  is  the  product  of  the  mean  effective  pressure, 
the  area  of  the  piston,  and  the  length  of  stroke,  or 

{p^-p'.)As; (3.) 

and  if  N  be  the  number  of  double  strokes  in  a  minilte^  the  indicated 
power  m/oot-pounds  per  miniUe  is 

(|,,-l/.)AN»; (4.) 

from  which  the  indicated  horse-power  is-  found  by  dividing  by 
33,000. 

In  a  l^mMt  Acting  Ksstee  the  steam  acts  alternately  on  either 
flide  of  the  piston;  and  to  measure  the  power  accurately,  two  indi- 
cators shoidd  be  used  at  the  same  time,  communicating  respectively 
with  the  two  ends  of  the  cylinder.  Thus  a  pair  of  diagrams  will 
be  obtained,  one  representing  the  action  of  the  steam  on  each  fsuce 
of  the  piston.  The  mean  effective  pressure  is  to  be  found  as  above 
for  each  diagram  separately,  and  then,  if  the  areas  of  the  two  faces 
of  the  piston  are  sensibly  equal,  the  mean  of  those  two  results  is  to 
be  taken  as  the  general  mean  effective  pressure;  which  being  multi- 
plied by  the  area  of  the  piston,  the  length  of  stroke,  and  ttoux  the 
number  of  double  strokes  or  revolutions  in  a  minute,  gives  the 
indicated  power  per  minute;  that  is  to  say,  if  p"  denotes  the  gene- 
ral mean  effective  pressure,  the  indicated  power  per  minute  is 

/A-2N«. (5.) 

If  the  two  faces  of  the  piston  are  sensibly  of  unequal  areas 
{as  in  "  trunk  engines "),  the  indicated  power  is  to  be  computed 
separately  for  each  face,  and  the  results  added  together. 

If  there  are  two  or  more  cylinders,  the  quantities  of  power 
indicated  by  their  respective  diagrams  are  to  be  added  together. 

The  following  is  an  example  from  a  double  cylinder,  double  act- 
ing engine:—     '  Dig  tized  by  Google 
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BBSiDIHB   OF   DlAaRAXS,   MEASURED   BY  A  SoALE   REPBESENTDfa 
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The  irterita  of  the  moving  parts  of  the  indicator,  combined  with 
the  elasticity  of  the  spring,  cause  oscillations  of  its  piston.  In 
order  that  the  errors  thus  produced  in  the  indicated  pressures  at 
particular  instants  may  be  as  small  as  possible,  and  may  neutralize 
each  others^  effects  on  the  whole  indicated  power,  the  inertia  ought 
to  be  as  small  as  practicable,  and  the  spring  as  stiff  as  is  consistent 
with  showing  the  pressures  on  a  visible  scale. 

The  /ridwn  of  the  moving  parts  of  the  indicator  tends  on  the 
whole  to  make  the  indicated  power  and  indicated  mean  effective 
pressure  less  than  the  truth,  but  to  what  extent  ia  uncertain. 

Evexy  indicator 'should  have  the  accuracy  of  the  graduation  of 
its  scale  of  pressures  frequently  tested  by  comparison  with  a  stan- 
dard pressure  gauge. 

The  oondusions  to  be  drawn  from  the  figures  of  indicator 
diagrams  will  be  treated  of  in  the  part  of  this  treatise  which 
relates  specially  to  the  steam  engine. 

44.  i»dUcof  r  Oth«r  AppUemtUma, — ^The  indicator  may  obviously 
be  used  for  measuring  the  energy  exerted  by  any  fluid,  whether 
liquid  or  gaseous,  in  driving  a  piston;  or  the  work  performed  by  a 
pump^  in  lifting,  propelling,  or  compressing  any  fluid. 

Section  5, — 0/ Brakes. 

45.  JBwmkm  l^efliMd  Mid  CbuMd. — The  contrivances  here  com- 
prehended under  the  general  title  of  Brakes  are  those  by  means  of 
which  friction,  whether  exercised  amongst  solid  or  fluid  particles, 
is  purposely  opposed  to  the  motion  of  a  machine,  in  order  either  to 
stop  it,  to  retard  it,  or  to  employ  superfluous  energy  during  uniform 
motion.  The  use  of  a  brake  involves  waste  of  energy,  which  is  in 
itself  an  evil,  and  is  not  to  be  incurred  unless  it  is  necessary  to  con- 
venience or  safety. 

Brakes  may  be  classed  as  follows : — 

L  Block  brakes,  in  which  one  solid  body  is  simply  pressed  against 
another,  on  which  it  rubs. 

IL  Flexible  brakes,  which  embrace  the  periphery  of  a  drum  or 
alley  (as  in  Prony's  dynamometer,  Article  39). 

ni.  Ftrntp  brakes,  in  which  the  resistance  employed  is  the  fric- 
tion amongst  the  particles  of  a  fluid  forced  through  a  narrow 
passage. 

rV.  Fan  brakes,  in  which  the  resistance  employed  is  that  of  a 
fluid  to  a  hn  rotating  in  it. 

46.  ActiMi  of  BiakM  la  OeMvmL — ^The  work  disposed  of  by  a 
brake  in  a  given  time  is  the  product  of  the  resistance  which  it  pro- 
duces into  the  distance  through  which  that  resistance  is  overcome 
in  a  given  time.  Digitized  by  Google 
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To  9top  a  machine^  the  brake  most  employ  work  to  the  amount 
of  the  -whole  actual  energy  of  the  machme,  aa  already  stated  in 
Article  34.  To  retard  a  machine,  the  brake  must  employ  work  to 
an  amount  equal  to  the  differenoe  between  the  actual  energies  of 
the  machine  at  the  greater  and  less  velocities  respectively. 

To  dupote  o/gurphta  mergy,  the  brake  must  employ  work  equal 
to  that  energy ;  that  is,  the  resistance  caused  by  the  brake  must 
balance  the  surplus  effort  to  which  the  surplus  energy  is  due ;  so 
that  if  n  is  the  ratio  which  the  velocity  of  rubbing  of  the  bnke 
bears  to  the  velocity  of  the  driving  point,  P  the  iwrpltu  effort  at 
the  driving  point>  and  R  the  resistance  of  the  brake,  we  ought  to 
have^ — 

R  =  ? (1.) 

It  is  obviously  better,  when  practicable,  to  store  surplus  energy,, 
or  to  prevent  its  exertion,  than  to  dispose  of  it  by  means  or  a 
brake. 

When  the  action  of  a  brake  composed  of  solid  material  is 
continuous,  a  stream  of  water  must  be  supplied  to  the  rubbing 
surfiEuses,  to  abstract  the  heat  that  is  produced  by  the  friction, 
accbrding  to  the  law  stated  in  Article  13. 

47.  BiMk  Brakes — ^When  the  motion  of  a  machine  is  to  be 
controlled  by  pressing  a  block  of  solid  material  against  the  rim  of  a 
rotating  dnun,  it  is  advisable,  inasmuch  as  it  is  easier  to  renew  the 
rubbing  surface  of  the  block  than  that  of  the  drum,  that  the  drum 
should  be  of  the  harder  and  the  block  of  the  softer  material — ^the 
drum,  for  example,  being  of  iron  and  the  block  of  wood.  The  best 
kinds  of  wood  for  this  purpose  are  those  which  have  considerable 
strength  to  resist  crushing,  such  as  elm,  oak,  and  beech.  The  wood 
forms  a  &cing  to  a  frame  of  iron,  and  can  be  renewed  when  worn* 

When  the  brake  is  pressed  against  the  rotating  drum,  the  direc- 
tion of  the  pressure  between  them  is  obliquely  apposed  to  the 
motion  of  the  drum  so  as  to  make  an  angle  with  the  radius  of  the 
drum  equal  to  the  angle  of  repose  of  the  rubbing  sur&ces  (denoted 
by  ^;  see  Article  13).  llie  component  of  that  oblique  pressure  in 
the  direction  of  a  tangent  to  the  rim  of  the  drum  is  tibe  friction 
(B) ;  the  component  perpendicular  to  the  rim  of  the  drum  is  the 
normal  pressure  (Q)  required  in  order  to  produce  that  friction,  and 
is  given  by  the  equation — 

Q=7; (1.) 

/being  the  co-efficient  of  friction,  and  the  proper  value  of  R  being 
determined  by  the  principles  stated  in  Article  46. 
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It  is  in  geneoral  desirable  that  the  brake  should  be  capable  of 
effecting  its  pnrpoee  when  pressed  against  the  drum  hy  means  of 
the  strength  of  one  man,  palling  or  poshing  a  handle  with  one 
hand  or  one  foot  As  the  required  normal  presscne  Q  is  nsoaUy 
considerably  greater  than  the  force  which  <me  man  can  exert,  a 
lever,  or  screw,  or  a  train  of  levers,  screws,  or  other  eonyenient 
mechanism 'must  be  interposed  between  the  brake  block  and  the 
handle,  so  that  when  the  block  is  moved  towards  the  dmm,  the 
handle  shall  move  at  least  l^rongh  a  distance  as  many  times 
greater  than  the  distance  by  which  the  block  direcUy  approaches 
ihe  drum,  as  the  required  normal  pressure  is  greater  than  the  force 
which  the  man  can  exert 

Although  a  man  may  be  able  occasionally  to  exert  with  one 
hand  a  force  of  100  lbs.  or  150  lb&  for  a  short  time,  it  is  desirable 
that,  in  working  a  brake,  he  should  not  be  required  to  exert  a 
force  greater  tlmn  he  can  keep  up  for  a  considerable  time,  and 
exert  repeatedly  in  the  course  of  a  day,  without  &tigue — that  is  to 
say,  about  20  lbs.  or  25  lbs. 

48.  G^e  BmkM  •r  CnriBcw  are  usually  of  the  class  just  de- 
scribed, and  are  applied  either  to  the  wheels  themselves  or  to 
drums  rotating  along  with  the  wheels.  Their  effect  is  to  stop  or  to 
retard  the  rotation  of  the  wheels,  and  make  them  slip  instead  of 
tolling  on  the  road  or  railway.  The  resistance  to  the  motion  of  a 
carriage  which  is  caused  by  its  brake  may  be  less  but  cannot  be 
greater  than  tiie  Motion  of  the  stopped  or  retarded  wbeels  on  the 
road  or  rails  under  the  load  which  rests  on  those  wheels.  The 
distance  which  a  carriage  or  train  of  carriages  will  run  on  a  level 
line  during  the  action  of  the  brakes  before  stopping  is  found  by 
dividing  the  actual  energy  of  the  moving  mass  before  the  brakes 
dre  apjmed  by  the  sum  of  the  ordinary  resistance  and  of  the  addi- 
tional resistance  caused  by  the  brakes;  in  other  words,  that  dis- 
tance is  as  many  times  greater  than  the  height  due  to  the  speed  as 
the  weight  of  the  moving  mass  is  greater  than  the  total  resistance. 

The  skid  or  slipper  drag,  being  placed  xmder  a  wheel  of  a  carriage, 
causes  a  resistance  due  to  the  Motion  of  the  skid  upon  the  road  or 
rail,  under  the  load  that  rests  on  the  wheel 

49.  Fieziue  Bnikes  {A.  M.,  678). — ^A  flexible  brake  embraces  a 
greater  or  less  arc  of  the  rim  of  a  drum  or  pulley,  whose  motion  it 
resists.  In  some  cases  it  consists  of  an  iron  strap,  of  a  radius 
naturally  a  littie  greater  than  that  of  the  drum;  so  that  when  left 
free,  the  strap  remains  out  of  contact  with  the  drum,  and  does  not 
resist  its  motion;  but  when  tension  is  applied  to  the  ends  of  the 
strap,  it  clasps  the  drum,  and  produces  the  required  Motion.  The 
rim  of  the  drum  may  be  either  of  iron  or  of  wood.  In  other  cases, 
the  brake  consists  of  a  chain,  or  jointed  series  of  iron  bars,  usuaUy 


FLEXIBLE  BRAKES. 


65 


£iced  with  woodoi  Uocks  on  the  side  next  the  drum.  When  ten^ 
8k>n  is  n)plied  to  the  ends  of  the  chain,  the  blocks  clasp  the  drma 
and  prodnoe  firicti<Ri;  when  that  tension  is  lemoYed,  the  blocks  aie 
drawn  back  from  iSie  drum  hy  springs  to  which  th^  are  attached, 
and  the  friction  ceases. 

The  following  formulie  are  exact  for  perfectlj  flexible  continaoai 
bandsy  and  approximate  for  elastic  straps  and  for  chains  of  Uocksi 
For  Iheir  demonstratioD,  Hie  reader  is  referred  to  treatises  on 
mechanic& 

In  fig.  18,  let  AB  be  the  drum,  and  0  its  axis,  and  let  the 
direction  of  rotation  of  the  dram  be  indicated 
hj  the  arrow.  Let  T^  and  Tg  represent  the 
tensions  at  the  two  ends  of  the  strap,  which 
embraces  the  rim  of  the  dram  throoghoat  the 
arc  A  R  The  tension  T^  exceeds  the  tension 
Tj  hy  an  amoont  eqoal  to  the  friction  between 
the  strap  and  dram,  K ;  that  is, 

R  =  Ti-T^ 

Let  e  denote  the  ratio  which  the  arc  of  contact 
AB  bears  to  the  circtmferenee  of  the  dram; 
/  the  co-efficient  of  friction  between  the  strap 
and  dram;  then  the  ratio  Tj  :  T.  is  the  twmber 
to&a«e  common  logarithm  is  27288/c,  or 


Fig.  18. 


.-.102-7S88/«--N;. 


.(1.) 


which  nmnber  haying  been  foond,  is  to  be  osed  in  the  following 
formalae  for  finding  the  tensions  Tj,  Tg,  required  in  order  to  pro- 
duce a  given  resistance  B : — 


N 


Backward  or  greatest  tension,  T^  =  B  •  ^_-i  > 


.(2.) 


Farwaid  or  least  tension,         Tj  ==  R ' 


N-r 


.(3.) 


The  following  cases  occur  in  practice : — 

L  When  it  is  desired  to  produce  a  great  resistcmce  compared 
ioUh  ike  force  applied  to  the  brake,  the  backward  end  of  the  brake, 
where  the  tension  is  Tp  is  to  be  fiixed  to  the  framework  of  the 
machineiy,  and  the  forward  end  moved  by  means  of  a  lever  or 
other  suitable  mechanism;  when  the  force  to  be  applied  by  means 
of  that  mechanism  will  be  Tj,  which,  by  making  N  sufficiently 
great,  may  be  made  small  as  compared  with  R 
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II.  When  it  iBdearedihat  the  resiatofficeshaUah^ 
a  eertam  given  force,  the  forward  end  of  the  brake  is  to  be  fixed, 
aad  the  backwwl  end  pulled  with  a  force  not  exceeding  the  given 
force.  This  will  be  T^;  and,  as  the  equation  2  shows,  how  great 
soever  N  may  be,  K  will  alwavs  be  lees  than  T^.  ThiB  is  the 
principle  of  the  brake  applied  bj  Sir  William  Thomson,  to 
apparatus  for  payii^  out  suomarine  tel^praph  cables,  with  a  view 
to  limiting  the  resistance  within  the  amount  which  the  cable  can 
safely  bear. 

In  any  case  in  which  it  is  desired  to  give  a  great  value  to  the 
ratio  N,  the  flexible  brake  may  be  coiled  spirally  round  the  drum, 
flo  as  to  make  the  arc  of  contact  greater  than  one  circumference. 

50.  iPmmp  BfidMs. — ^The  resistance  of  a  fluid,  forced  by  a  pump 
through  a  narrow  orifice,  may  be  used  to  dispose  of  superfluous 


The  energy  which  is  expended  in  forcing  a  given  weight  of  fluid 
through  an  orifice  is  found  by  multiplying  that  weight  into  the 
height  due  to  the  greatest  velocity  which  its  particles  acquire  in 
that  process,  and  into  a  factor  greater  than  unity,  which  for  each 
kind  of  orifice  is  determined  experimentally,  and  whose  excess 
above  unity  expresses  the  proportion  which  the  energy  expended  in 
overcoming  the  friction  between  the  fluid  and  the  orifice  bears  to 
the  energy  expended  in  giving  velocity  to  the  fluid. 

The  following  are  some  of  &e  values  of  that  &ctor,  which  will  be 
denoted  by  1  +  F : — 

For  an  orifice  in  a  thin  plate,  1  +  F  =  1-054 (1.) 

For  a  straight  uniform  pipe  of  the  length  I,  and  whose  hydraulic 
mecm  depth,  that  is,  the  area  divided  by  the  circumference  of  its 
cross-section,  i9  m, 

1  +  F  =  1-505  +-^ (2.) 

For  cylindrical  pipes,  m  is  one-fourth  of  the  diameter. 

The  factor /in  the  last  formula  is  called  the  co^Mcieni  o/JriOion 
of  the  fluid.  For  water  in  iron  pipes,  the  mameter  d  being 
expressed  in  feet^  its  value,  according  to  Darcy,  is 

/  =  0O05(l  +  jy (3.) 

Foratr,  /=0O06  nearly (4.) 

The  greatest  velocity  of  the  fluid  particles  is  found  by  dividing 
the  volume  of  fluid  discharfced  in  a  second  by  the  area  of  the  outlet 
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at  its  most  contracted  part  When  the  outlet  is  a  cylindrical 
pipe,  the  sectional  area  of  that  pipe  may  be  employed  in  this 
calcnlation;  bat  when  it  is  an  onfice  in  a  thin  plate,  there  is  a 
eoniraded  vein  of  the  issuing  stream  after  passing  the  orifice,  whose 
area  is  on  an  average  about  0*62  of  the  area  of  the  orifice  itself; 
and  that  contracted  area  is  to  be  employed  in  computing  the 
Telocity.  Its  ratio  to  the  area  of  the  orifice  in  the  plate  is  called 
ibe  oo^JicimU  qf  eofUracHan, 

The  computation  of  the  energy  expended  in  forcing  a  given 
quantity  of  a  given  fluid  in  a  given  time  through  a  given  outlet,  is 
expressed  sjrmbolically  as  follows : — 

Let  Y  be  the  volume  of  fluid  forced  through,  in  eubie  feet  per 
eeeond. 

D,  the  density,  or  weight  of  a  cubic  foot,  in  pounds, 

A,  the  area  of  the  orifice,  in  eqttare/eet, 
e,  the  co-efficient  of  contraction. 

V,  the  velocity  of  outflow,  in  feet  per  eeeond. 

B,  the  resistance  overcome  by  the  piston  of  the  pump  in  driving 
the  water,  in  pounds. 

u,  the  velocity  of  that  piston,  in/eetper  eeeond. 
Then 


and 


B«  =  DV(l  +  F)^; (6.) 


the  fietctor  1  +  Pbeing  computed  by  means  of  the  formulae  1,  2,  3,  4. 
To  find  the  intensity  of  the  pressure  (p)  within  the  pump,  it  is  to 
be  observed,  as  in  Article  6,  that  if  A'  denotes  the  area  of  the 
piston, 

V  =  A'w;  R  =pA!; (7.) 


consequently, 


p  =  J  =  D(l+F).^; (8.) 


that  is,  the  wUeneUy  of  the  pressure  is  that  dus  to  the  weight  of  a 
vertical  cohtmn  oftheJUiid,  whose  height  is  greater  than  that  due  to 
the  velocity/  ofoutjlow  in  the  nUio  1  +  F  :  1. 

To  allow  for  the  friction  of  the  piston,  about  one-tenth  may  in 
general  be  added  to  the  result  given  oy  equation  6. 

The  piston  and  pump  have  been  spoken  of  as  single;  and  such  . 
may  be  the  case  when  the  velocity  of  the  piston  is  uniform.     When 
a  piston,  however,  is  driven  by  a  crank  on  a  shaft  rotating  at  an 
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uniform  speed,  its  velocity  varies ;  and  when  a  pmnp  brake  is  to  be 
applied  to  such  a  shaft,  it  is  necessary,  in  order  to  give  a  snfBlciently 
near  approximation  to  an  uniform  velocily  of  outflow^  that  there 
should  be  at  least,  either  three  single  acting  pumps,  diiven  by  three 
cranks  making  with  each  other  angles  of  120°,  or  a  pair  of  double 
acting  pumps,  driven  by  a  pair  of  cranks  at  right  angles  to  each 
other;  and  the  result  will  be  better  if  the  pumps  force  the  fluid 
into  one  common  air  vessel  before  it  arrives  at  the  resisting 
orifice. 

That  orifice  may  be  provided  with  a  valve,  by  means  of  which  its 
area  can  be  adjusted,  so  as  to  cause  any  required  resistance. 

A  pump  brake  of  a  simple  kind  is  exemplified  in  the  apparatus 
called  the  "  cataract,^*  for  regulating  the  opening  of  the  steam  valve 
in  single  acting  steam  engines.  It  will  be  more  fully  described 
under  the  head  of  those  engines.* 

51.  Fan  Brakes. — ^A  fan,  or  wheel  with  vanes,  revolving  in 
water,  oil,  or  air,  may  be  used  to  dispose  of  surplus  energy;  and 
the  resistance  which  it  causes  may  be  rendered  to  a  certain  eoctent 
adjustable  at  vdil,  by  making  the  vanes  so  as  to  be  capable  of  being 
set  at  different  angles  with  their  direction  of  motion^  or  at  difierent 
distances  from  their  axis. 

Fan  brakes  are  applied  to  various  machines,  and  are  usually 
adjusted  so  as  to  produce  the  requisite  resistance  by  triaL  It  is, 
indeed,  by  trial  only  that  a  final  and  exact  adjustment  can  be 
eflfected;  but  trouble  and  expense  may  be  saved  by  making,  in  the 
first  place,  an  approximate  adaptation  of  the  £^n  to  its  purpose  by 
calculation. 

The  following  formtikB  are  the  results  of  the  experiments  of 
Duchemin,  and  are  approved  of  by  Poncelet  in  his  Mecanique 
Indvstridle, 

For  a  thin  flat  vane,  whose  plane  traverses  its  axis  of  rotation,  let 

A  denote  the  area  of  the  vane ; 

ly  the  distance  of  its  centre  of  gravity  from  the  axis  of  rotation  ; 

8,  the  distance  from  the  centre  of  gravity  of  the  entire  vane,  to 
the  centre  of  gravity  of  that  half  of  it  which  lies  nearest  the  axis  of 
rotation; 

V,  the  velocity  of  the  centre  of  gravity  of  the  vane  (  =  a  ^,  if  a  is 
the  angular  velocity  of  rotation); 

D,  the  density  of  the  fluid  in  which  it  moves ;  ' 

R  I,  the  moment  of  resistance ; 

Icy  a  co-efficient,  whose  value  is  given  by  the  formula 

*  Pump  brakes  have  beea  ^>plifid  to  railway  carriages  by  Mr.  Laurenoe  HOL  In 
1855,  it  was  proposed  by  Mr.  John  Thomson  and  the  author  to  apply  them  to  the 
paying-out  apparatus  of  telegraph  cables:  but  that  proposal  has  not  yet  beea  praoti* 
sally  tried. 
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dien 


*  =1-254  + 1-6244  |Z^;. 


2jr 


.(1.) 
.(2.) 


When  the  vane  is  oblique  to  its  direction  of  motion,  let  t  denote 
the  acute  angle  which  its  sor&ce  makes  with  that  direction;  then 
the  result  of  equation  2  is  to  be  multiplied  bj 


2  8in'i 
1  +  sin*  i" 


•(3.) 


It  appears  that  the  resistance  of  a  &n  with  several  vanes  increases 
nearly  in  proportion  to  the  number  of  vanes,  so  long  as  their  dis- 
tances apart  are  not  less  at  any  point  than  their  lengths.  Beyond 
that  limit  the  law  is  uncertain. 


Section  6.-0/ Fly  Wheels. 

53.  VmUMtwd  FfaMtmtiMM  of  fl»M«  in  a  machine  (A,  Af.,  689) 
are  caused  by  the  alternate  excess  and  deficiency  of  the  energy 
exerted  above  the  work  peifermed  in  overcoming  resisting  forces, 
which  produce  an  alternate  increase  and  diminution  of  actual 
energy,  according  to  the  law  explained  in  Article  30. 

To  determine  the  greatest  fluctuations  of  speed  in  a  machine 
moving  periodically,  take  ABC,  in  fig.  19, 
to  represent  the  motion  of  the  driving  point 
during  one  period ;  let  the  efibrt  P  of  the 
prime  mover  at  each  instant  be  represented  by 
the  ordinate  of  the  curve  D  G  £  I F ;  and  let 
the  sum  of  the  resistances,  reduced  to  the 
driving  point  as  in  Article  9,  at  each  instant, 
be  denoted  by  R,  and  represented  by  the  ordinate  of  the  curve 
D  H  E  K  F,  which  cuts  the  former  curve  at  the  ordinates  AD, 
BE,CF.     Then  the  integral— 


Rg.  19. 


/*(P-R)(;*, 


being  taken  for  any  part  of  the  motion,  gives  the  excess  or  defi- 
ciency of  energy,  according  as  it  is  positive  or  negative.  For  the 
entire  period  ABO  this  integral  is  nothing.  For  A  B,  it  denotes 
an  eaxess  of  energy  received,  represented  by  the  area  D  G  E  H ;  and 
for  B  C,  an  equal  excess  ofvx/rk  performed,  represented  by  the  equal 
area  EKFL     Let  those  equal  quantities  be  each  represented  by 
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A  R  Then  the  actoal  enei^  of  the  machine  attains  a  maadmnm 
value  at  B,  and  a  minimnm  value  at  A  and  C,  and  A  E  is  the 
difference  of  those  values. 

Now  let  v^  be  the  mean  velocity,  «^  the  sreatest  velocity,  v^  the 
least  velocity  of  the  driving  point,  ana  2  *  n^  W  the  reduced  inertia 
of  the  machine  (see  Article  15);  then 

^^  '  2  •  n«  W  =  A  E ; (1.) 

which,  being  divided  by  the  mean  ackuU  energy-^ 


.(2.) 


(3.) 


gives 

t??-t^_  aE 

fi   "  ^  ' 

and  observing  that  r^=:(Vi  +  V2)  -s-  2,  we  find 
^t-r^A'E         ^aE 
t7o    ""  2i;^""«8S-w«W' 

a  ratio  which  may  be  called  the  C(h^ideTU  offlucHiaiion  of  speed  or 
oi  WMbeadxMss, 

The  ratio  of  the  periodical  excess  and  deficiency  of  energy  A  E 

to  the  whole  energy  exerted  in  one  period  or  revolution,  tTds, 

has  been  determined  by  General  Morin  for  steam  engines  under 

various  circumstances,  and  found  to  be  from  rrr  to  j  for  single 

cylinder  enginea  For  a  pair  of  engines  driving  the  same  shaft, 
with  cranks  at  right  angles  to  each  other,  the  value  of  this  ratio  is 
about  one-fourth,  and  for  three  engines  with  cranks  at  120'',  one- 
twelfth  of  its  value  for  single  cylinder  engines. 

The  following  table  of  the  ratio  A  E  -r-  IT  da  for  0910  reooHuUon 

of  steam  engines  of  different  kinds  is  extracted  and  condensed  from 
General  Morin's  works : — 

NOK-EXPANSIVE  ENOINE& 
Length  of  connecting  rod 

Length  of  crank  =86  5  4 

AE  -h  JFda  sz       -105         -iJi^izedbyGflaiOgleisa 


FLT  WHEEL&  GI 

EZPANBITB  OONDENSIKO  EnGIKEB. 

Connecting  rod  =  crank  X  5. 

Fraction  of  stroke   at)  ]_        £         £         £         JLJE 

which  steam  is  cut  off  j  3  4  5^73 

AE-T-fTdi     =s     -163     -173     '178     '184     -189     -ipi 

EzrAzrsiYE  Noh-Oondensino  ENannBEL 

Steam  cut  off  at  —  —  -  — 

2  3  4  5 

A  E  -T-  IT  da  =  '160       '186       -209       '233 

For  doable  cylinder  expansive  engines,  the  value  of  the  ratio 
a£  -i-  jFds  may  be  taken  as  equal  to  that  for  single  cylinder 

non-ex{MU[isive  engines. 

For  tools  toorking  aJt  intervals,  such  as  punching,  slotting,  and 
plate-cutting  machines^  coining  presses,  &c,  A  £  is  nearly  equal  to 
the  whole  work  performed  at  each  operation. 

53.  Fly  WhMis  {A.  M,,  690).— A  fly  wheel  is  a  wheel  with  a 
heavy  rim,  whose  great  moment  of  inertia  being  comprehended  in 
the  reduced  moment  of  inertia  of  a  machine,  reduces  the  co-efficient 

of  fluctuation  of  speed  to  a  certain  fixed  amount,  being  about  ^  for 

ordinary  machinery,  and  ^  or  ^  for  machinery  for  fine  purpose& 
DU       oU 

-    Let  —  be  the  intended  value  of  the  co-efficient  of  fluctuation  of 
m 

speed,  and  A  E,  as  before,  the  fluctuation  of  energy.     If  this  is  to 

be  provided  for  by  the  moment  of  inertia  I  of  the  fly  wheel  alone, 

let  Oo  ^  1^  mean  angular  velocity;  then  equation  3  of  Article  52 

is  equivalent  to  the  following : — 

'   j^injrAB. ^2 J 

the  second  of  which  equations  gives  the  requisite  moment  of  inertia 
of  the  fly  wheel 

The  fluctuation  of  energy  may  arise  either  from  variations  in  the 
effort  exerted  by  the  prime  mover,  or  from  variations  in  the  resist- 
ance, or  from  both  those  causes  combined.     When  but  one  fly 
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wheel  is  used,  it  Bhould  be  placed  in  as  direct  connection  as  possible 
with  that  part  of  the  mechanism  where  the  greatest  amount  of  the 
fluctuation  originates;  but  when  it  originates  at  two  or  more  points, 
it  is  best  to  have  a  flj  wheel  in  connection  with  each  of  those  points. 

For  example,  let  there  be  a  stpam  engine  which  drives  a  shaft 
that  traverses  a  workshop,  having  at  intervals  upon  it  pulleys  for 
driving  various  machine  tools.  The  steam  engine  should  have  a 
fly  wheel  of  its  own,  as  near  as  practicable  to  its  crank,  adapted  to 
that  value  of  ^  E  which  is  due  to  the  fluctuations  of  the  eflbrt 
applied  to  the  crank-pin  above  and  below  the  mean  value  of  that 
eflbrt,  and  which  may  be  computed  by  the  aid  of  Creneral  Morin*s 
tables,  quoted  in  Article  52 ;  and  each  machine  tool  should  also 
have  a  fly  wheel,  adapted  to  a  value  of  A  E  equal  to  the  whole 
work  performed  by  the  tool  at  one  operation. 

As  the  rim  of  a  fly  wheel  is  usually  heavy  in  comparison  with 
the  arms,  it  is  often  sufficiently  accurate  for  fHnctical  purposes  to 
take  the  moment  of  inertia  as  simply  equal  to  the  weight  of  the 
lim  multiplied  by  the  square  of  the  mean  between  its  outside  and 
inside  radii,  a  calculation  which  may  be  expressed  thus : — 

I  =  Wr«; (3.) 

whence  the  weight  of  the  rim  is  given  by  the  formula— 

_  wg^AE  _  mgrAE 

^"     ojf^     "      ^     ' ^*-^ 

if  t/  be  the  velocity  of  the  rim  of  the  fly  wheeL 

The  usual  mean  radius  of  the  fly  wheel  in  steam  engines  is  from 
*  th/ree  iojwe  times  the  length  of  the  crank. 

The  ordinary  values  of  the  product  mgy  the  unit  of  time  being 
the  second,  lie  between  1,000  and  2,000  feet. 

The  fly  wheel  of  a  steam  engitie  is  often  itself  a  pulley,  used  to 
transmit  motion  to  machinery  by  means  of  a  belt. 

Section  7. — OfRegutaiora  and  Governors  in  General  (A,  M,,  693). 

5L  The  BcgakUMT  of  a  prime  mover  is  some  piece  of  apparatus 
by  which  the  rate  at  which  it  receives  energy  from  the  source  of 
energy  can  be  varied;  such  as  the  sluice  or  valve  which  adjusts  the 
size  of  the  orifice  for  supplying  water  to  a  water  wheel,  the  appara- 
tus for  varying  the  surface  exposed  to  the  wind  by  wind-mill  sails, 
the  throttle  valve  which  adjusts  the  opening  of  the  steam  pipe  of  a 
steam  engine,  and  the  damper  which  controls  the  supply  of  air  to 
its  furnace.  In  prime  movers  whose  speed  and  power  have  to  be 
varied  at  will,  such  as  locomotive  engines,  and  winding  engines  for 
mines,  the  r^ulator  is  adjusted  by  hand,        ^g,,^^,  ,y Google 
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55.  i»f  JriBi  G#TCT— M. — ^In  other  cases,  the  regulator  is  ad- 
jnBtod  by  means  of  a  self-actmg  apparatus  called  a  governor. 

In  the  moBt  ordinazy  goyemors,  the  principal  part  of  the 
^yparatos  consistB  of  a  pair  or  set  of  equal  and  similar  revolving 
pendulums  (see  Article  19)  turning  about  one  vertical  axis,  and 
driven  by  a  train  of  mechamsm  which  causes  their  angular  velocity 
of  revolution  to  bear  a  fixed  ratio  to  the  velocity  of  the  prime 
mover.  The  rods  of  the  pendulums  place  themselves  at  an  angle 
with  the  vertical  axis,  such  that  the  common  heiglU  of  the  pendulums 
(El  C,  fig.  7,  Article  19^  is  that  corresponding  to  the  number  of 
turns  in  a  second,  as  given  by  equation  2  of  that  Article.  Conse- 
quently, in  a  given  governor,  the  cosine  of  that  angle,  B  C  -r  C  A, 
varies  inversely  as  the  square  root  of  the  speed  The  regulator 
must  be  so  adjusted,  as  to  be  in  the  proper  position  for  supplying 
the  proper  amount  of  power  when  the  pendulum  rods  are  at  the 
angle  cf  inclination  corresponding  to  the  proper  speed  of  the 
machine  When  the  speed  deviates  above  or  below  that  amount, 
tiie  outward  or  inward  motion  of  the  pendultim  rods  acts  on  the 
regulator  so  as  to  open  it  when  the  speed  is  too  low,  and  close  it 
when  the  speed  is  too  high,  either  directly  through  levers  and 
hnkwork,  as  in  Watt's  steam  engine  governor,  or  by  throwing  into 
gearing  with  a  revolving  bevel  wheel,  one  or  other  of  a  pair  of 
bevel  whe^  which  move  the  regulator  opposite  ways,  as  in  water 
wheel  governors,  or  by  means  of  epicyclic  gearing  moving  the 
regulator  in  a  direction  and  with  a  velocity  depending  on  the 
dilference  between  the  velocity  of  a  wheel  driven  with  a  speed 
varying  with  that  of  the  engine,  and  a  wheel  rotating  with  a  con- 
stant speed  along  with  the  set  of  pendulums,  as  in  Mr.  Siemens's 
governor. 

56.  SiUvMeA  Gmwwmmtm. — ^Mr.  Silver^s  governor  consists  of  a 
pair  of  Totaiang  pendulums,  each  suspended  by  its  centre  of  gravity 
from  their  common  axis,  to  which  a  pair  of  springs  tend  to  place 
them  parallel  When  made  to  rotate,  the  pendulums  diverge  from 
the  axis  until  the  centrijkigal  couple  oi  each  (Article  22)  Imlances 
the  statical  moment  of  the  force  exerted  by  the  spring.  This 
governor  is  useful  for  marine  engines,  because  of  its  action  being 
independent  of  the  direction  of  its  axis,  and  of  the  force  of  gravity. 

57.  Vam  o#TCT— gfc— Mr.  Hick,  Mr.  G.  H.  Smith,  and  others, 
have  invented  governors  in  which  the  greater  or  less  resistance  of 
air  or  o£  some  liquid  to  the  motion  of  a  fan  driven  by  the  prime 
mover,  causes  the  adjustment  of  the  opening  of  the  regulator. 

The  details  of  regulators  and  governors  vary  so  much  with  the 
land  of  prime  mover  to  which  they  are  applied,  that  they  can  be 
described  in  connection  with  special  prime  movers  o^^J-^^^i^ 
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SEcnoir  8. — Summary  of  the  Principles  of  the  Strength  of  Machines. 

6S.  Nature  taUL  IMrMmi  of  the  Sidyect.  {A.  M.,  244).^The 
present  section  contains  a  very  brief  summary  of  the  application  of 
the  principles  of  the  strength  of  materials  to  the  most  simple  ques- 
tions which  arise  in  designing  machines.  The  rules  are  given 
without  demonstration,  in  as  small  compass  as  possible,  in  order  to 
saye  the  necessity  of  referring,  in  ordinary  cases,  to  more  bulky 
treatises;  and  are  almost  all  abstracted  and  abridged  fiK>m  a  treatise 
on  Applied  Mechamcs,  Part  II.,  Chapter  III. 

The  loadf  or  combination  of  external  forces,  which  is  applied  to 
any  piece,  moving  or  fixed,  in  a  machine,  produces  stress  amongst 
the  particles  of  Siat  piece,  being  the  combination  of  forces  which 
they  exert  in  resisting  the  tendency  of  the  load  to  disfigure  and 
br^kk  the  pieoe,  which  is  accompanied  by  strain,  or  alteration  of 
the  volumes  and  figures  of  the  whole  piece,  and  of  each  of  its  par- 
ticles. If  the  load  is  continually  increased,  it  at  length  produces 
either  yroc^z^re,  or  (if  the  material  is  very  tough  and  ductile)  such  a 
disfigurement  of  the  piece  as  is  practically  equivalent  to  fracture,  by 
rendering  the  piece  uselesa 

The  iTliiMAte  (toengtii  of  a  body  is  the  load  requii^  to  produce 
fracture  in  some  specified  way.  The  Freer  (toengtii  is  the  load 
required  to  produce  the  great^  istrain  of  a  specific  land  consistent 
with  safety;  that  is,  with  the  retention  of  the  strength  of  the 
material  unimpaired  A  load  exceeding  the  proof  strength  of  the 
body,  although  it  may  not  produce  instant  fracture,  produces 
fracture  eventually  by  long-continued  application  and  frequent 
repetition. 

The  WetUiig  i<ead  on  each  piece  of  a  machine  is  made  less  than 
the  proof  strength  in  a  oertcdn  ratio  determined  by  practical 
experience,  in  order  to  provide  for  imforeseen  contingencies. 

Each  BoHd  has  as  many  difiTerent  kinds  of  strength  as  there  are 
different  ways  in  which  it  can  be  strained  or  broken,  as  shown  in 
the  following  classification : — 

Strain.  Fractnra 

T     ^j^  j«    1  f  Extension     Tearing. 

Longitudinal |  Compression CrushSg. 

(  Distortion    Shearing. 

Transverse <  Twisting      WrenchLig. 

(  Bending       .... . .Breaking  across. 

0^.  Faeten  ef  flafetr* — A  frtctor  of  safety  is  the  ratio  in  whicb 
the  load  that  is  just  sufficient  to  overcome  instantly  the  strength 
of  a  piece  of  material  is  greater  than  the  greatest  safe  ordinary 
working  load.  ^^^^^^^^^  ^^  Google 
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The  following  table  gives  examples  of  the  values  of  those  factors 
vhich  occur  in  machines : — 

Dead  Live  load,  Live  load, 

load.  Chieateat  Mean. 

Iron  and  steel,... 3  6  from  6  to 40 

Timber, 4  to  5         8  to  10 

M&somy, 4  8 

The  great  feuitor  of  safety,  40,  is  for  shafts  in  millwork  which 
transmit  very  variable  efforts. 

Almost  all  the  experiments  hitherto  made  on  the  strength  of 
materials  give  the  ultimate  sirengffi,  only.  In  using  those  data  for 
the  designing  of  structures  and  machines,  the  most  convenient  pro- 
cess of  calculation  is  to  multiply  the  intended  vxyrkmg  load  of  a 
piece  by  the  proper  £Eu;tor,  so  as  to  find  the  breaking  load,  and  to 
make  ^e  ultimate  strength  of  the  piece  equal  to  that  breaking  load. 

60.  The  ifw—t  or  TeaiiBg  by  experiment  of  the  strength  of  a 
piece  of  material  is  to  be  conducted  in  two  different  ways,  accord- 
ing to  the  'object  in  view. 

L  If  the  piece  is  to  be  afierwa/rda  vsed,  the  testing  load  must  be 
80  limited  that  there  shall  be  no  possibility  of  its  impairing  the 
strength  of  the  piece;  that  is,  it  must  not  exceed  the  proof  at/rengihj 
being  from  one-third  to  one-half  of  the  ultimate  strength.  About 
double  of  the  working  load  is  in  general  sufficient.  Care  should 
be  taken  to  avoid  vibrations  and  shocks  when  the  testing  load 
approaches  near  to  the  proof  strength. 

IL  If  the  piece  is  to  be  aacriflced  for  the  sake  of  ascertaining  the 
strength  of  the  material,  the  load  is  to  be  increased  by  degrees 
until  the  piece  breaks^  care  being  taken,  especially  when  the  break- 
ing point  is  approached,  to  increase  the  load  by  small  quantities  at 
a  time,  so  as  to  get  a  sufficiently  precise  result 

The  proof  strength  requires  much  more  time  and  trouble  for  its 
determination  thim  the  ultimate  strength.  One  mode  of  approxi- 
mating to  the  proof  strength  of  a  piece  is  to  apply  a  moderate  load 
and  remove  it^  Apply  the  same  load  again  and  remove  it,  two  or 
three  times  in  succession,  observing  at  each  time  of  application  of 
the  load,  the  ifyram  or  alteration  of  figure  of  the  piece  when  loaded, 
by  stretching,  compression,  bending,  distortion,  or  twisting,  as  the 
case  may  be.  If  that  alteration  does  rwt  sensibly  ina^ease  by  re- 
peated applications  of  the  same  load,  the  load  is  within  the  limit 
of  proof  strengtL  The  effects  of  a  greater  and  a  greater  load  being 
tmcceesively  tested  in  the  same  way,  a  load  will  at  length  be 
readied  whose  successive  applications  produce  increasing  disfigure- 
ments of  the  piece;  and  this  load  wul  be  greater  than  the  proof 
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strength,  which  will  lie  between  the  last  load  and  the  last  load  but 
one  in  the  series  of  experiments. 

It  was  formerly  supposed  that  the  production  of  a  set,  that  is,  a 
disfigurement  which  continues  after  the  removal  of  the  load,  was  a 
test  of  the  proof  strength  being  exceeded;  but  Mr.  Hodgkinson 
showed  that  supposition  to  be  erroneous,  by  proving  that  in 
most  materials  a  set  is  produced  by  almost  any  load,  how  small 
soever. 

The  strength  of  bars  and  beams  to  resist  breaking  across,  and  of 
axles  to  resist  twisting,  can  be  tested  by  the  application  of  known 
weights  either  directly  or  through  a  lever. 

To  test  the  tenacity  of  rods,  chains,  and  ropes,  and  the  resist- 
ance of  pillars  to  crushing,  more  powei^  and  complex  mechanism 
is  required.  The  apparatus  most  commonly  employed  is  the 
hydnUilic  press.  In  computing  the  stress  which  it  produces,  no 
reliance  ought  to  be  placed  on  the  IocmI  on  the  safety  valve,  or  on 
%  weight  hung  tO  the  pump  handle,  as  indicating  the  intensity  of 
the  pressure,  which  should  be  ascertained  by  means  of  a  pressure 
gauge.  This  remark  applies  also  to  the  proving  of  boilers  by 
water  pressure.  From  experiments  by  Messrs.  Hick  and  Luthy  it 
appears  that,  in  calculating  the  stress  produced  on  a  bar  by  means 
of  a  hydraulic  press,  the  friction  of  the  collar  may  be  allowed  for 
by  deducting  a  force  equivalent  to  the  pressure  of  the  water  upon 
an  area  of  a  length  equal  to  the  circumference  of  the  collar,  and 
(me-eightieth  of  an  inch  broad. 

The  measurement  of  tension  and  compression  by  means  of  the 
hydraulic  press  is  but  a  rough  approximation  at  the  best.  It  may 
be  sufficient  for  an  immediate  practical  purpose ;  but  for  the  exact 
determination  of  general  laws,  although  the  load  may  be  applied 
at  one  end  of  the  piece  to  be  tested  by  means  of  a  hychnulic  press, 
it  ought  to  be  resisted  and  measured  at  the  other  end  by  means  of 
a  combination  of  levers  such  as  that  used  at  Woolwich  Dockyard, 
and  described  by  Mr.  Baiiow. 

61.  Ti— cny  {A.  M,,  265,  368,  269).— The  ultimate  strengUi 
or  breaking  load  of  a  bar  exposed  to  direct  and  uniform  tension  is 
the  product  of  the  area  of  cross-section  of  the  bar  into  the  tenacity 
of  the  material.     Therefore,  let 

P  denote  the  breaking  load,  in  pounds ; 

S  the  area  of  section,  in  square  indies  \ 

f^e  tenadty,  in  pounds  on  the  square  inch ;  then 

P=/S;   8=1 a.) 

The  following  are  some  of  the  most  useful  values  of  the  tenacity 
of  materials  used  in  machinery,  in  Iba  on  the  square  inch :«- 
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Metals. 

Bronxe  or  gnn  metal  (ooi^>6r  8,  tin  i), 36,000 

Copper,  cast, 19,000 

„       aheetf 30,000 

„       bolts, 36,000 

„       wire, 60,000 

Iron,  cast,  various  qualities, 139400  to  39,000 

„       „    average  British, about  16,500 

Iron,  malleable:  boilerplates, 51,000 

„  „  bars,  rods,  and  bolts,... 60,000  to  70,000 

„  „  wire, 70,000  to  100,000 

Steel, 100,000  to  130,000 

Timber. 

Ash, 17,000 

Hr  and  pine, i2^boo  to  14,000 

Oak, 10,000  to  19,800 

Teak,  Indian, 15,000 

Miscellaneous. 

Hempen  cables, 5,6oo 

Iron  wire  ropeOy  per  sqtia/re  tnch  o/iron, 90,000 

„  „      per  ponndweightio  the  fathom, 4^480 

Leathern  belts,  vxyrMmg  tension, -. 285 

62.  c^UadMcai  B«ilcn  mui  Pfpca. — Let  r  denote  the  radius  of  a 
thin  hollow  cylinder,  such  as  the  shell  of  a  high  pressure  boiler; 

t  the  thickness  of  the  shell ; 
y  the  tenadiy  of  the  material,  in  pounds  per  square  inch ; 

p  the  intensity  of  the  pressure,  in  pounds  per  square  inch,  re- 
quired to  burst  the  shell  This  ought  to  be  taken  at  six  times  the 
effectiTe  working  pressure— «^«c^iV€  pressure  meaning  the  excess  of 
the  pressure  j&om  within  above  the  pressure  from  without,  which 
last  is  usually  the  atmospheric  pressure,  of  14*7  lbs.  on  the  square 
inch  or  thereabouts. 

Then 

P^^^ (1.) 

and  the  proper  proportion  of  thickness  to  radius  is  given  by  the 

r  ""/ Digitized  by G'6'OgTC 
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The  tenacity  of  good  wrought  iron  boiler  plates  has  been  stated 
as  51,000  lbs.  per  square  incL  That  of  a  double  rivetted  joint, 
per  square  inch  of  the  iron  left  between  the  rivet  holes,  is  the  same ; 
that  of  a  single  rivetted  joint  somewhat  less,  as  the  tension  is  not 
uniformly  distributed  It  is  convenient  in  practice  to  state  the 
tenacity  of  rivetted  joints  in  lbs.  per  square  inch  of  the.  erUire  plate; 
and  it  is  so  stated  in  the  annexed  table,  in  which  the  results  for 
rivetted  joints  are  from  the  experiments  of  Mr.  Fairbaim,  and 
that  for  a  welded  joint  from  an  experiment  by  Mr.  Dunn.  The 
joints  of  plate  iron  boilers  are  single  rivetted ;  but  from  the  man- 
ner in  which  the  plates  break  joint,  analogous  to  the  bond  in 
masonry,  the  tenacity  of  such  boilers  is  considered  to  approach 
more  nearly  to  that  of  a  double  rivetted  joint  than  that  of  a  single 
rivetted  joint. 

Wrought  iron  plate  joints,  double  rivetted,  the  dia- 
meter of  each  hole  being  -ft  of  the  distance  from 

centre  to  centre  6f  holes, 35>7oo 

Wrought  iron  plate  joints,  single  rivetted, 2 8,600 

Wrought  iron  boiler  shells,  with  single  rivetted  joints 

properly  crossed, 34,000 

Wrought  iron  retort,  with  a  welded  joint, 30, 7  50 

Cast   iron   boilers,   cylinders,    and   pipes   (average 

British  iron), »  16,500 

63.  Spherical  Shells,  such  as  the  ends  of  "  egg-ended*'  cylindrical 
boilers,  the  tops  of  steam  domes,  <kc,  are  tvsice  as  strong  as  cylin- 
drical shells  of  the  same  radius  and  thickness. 

Suppose  a  shell  of  the  figure  of  a  segment  of  a  sphere  to  have  a 
circular  flange  round  its  base,  through  which  it  is  bolted  to  a  flange 
upon  a  cylindrical  shell,  or  upon  another  spherical  shelL 

Let  r  denote  the  radius  of  the  sphere,  in  inches; 

9^,  the  radiiis  of  the  circular  base  of  the  segmental  shell,  in  inches; 

Pf  the  bursting  pressure,  in  lbs.  on  the  square  inch; 
then  the  number  and  dimensions  of  the  bolts  by  which  the  flange 
is  held  should  be  such,  that  the  load  required  to  tear  them  asunder 
all  at  once  shsdl  be 

31416  r'2p; (1.) 

and  the  flange  itself  should  require,  in  order  to  crush  it,  the  follow- 
ing thrust  in  the  direction  of  a  tangent  to  it : — 

I  p  /  •  ^7^372 (2.) 

If  the  segment  is  a  complete  hemisphere,  r^  =  r^^and  the  last 
expression  becomes  =  0.  .  ^  "^'  '^  "^^MO^ 
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Hesistance  to  a  crashing  force  will  be  considered  farther  on. 

64.   Thtek  ii«ii«w  Cyitedcr  {A,  M.,  273). — ^The  assumption  that 
the  tension  in  a  hollow  cylinder  is  nnitormly 
distribnted  throughout  the  thickness  of  the  shell 
is  approximately  true  only  when  the  thickness 
is  SDDUBdl  as  compared  with  the  radius. 

Let  K  represent  the  external  and  r  the  in- 
ternal radius  of  a  thick  hollow  cylinder,  such  as 
a  hydraulic  press,  the  tenacity  of  whose  material 
is^  and  whose  bursting  pressure  is  p.    Then  we  Fig.  20. 

must  have 


and,  oonsequentiy, 


?-\/^)^ « 


by  means  of  which  formula,  when  r,/,  and  p  are  given,  R  may  be 
computed. 

65.  Tidck  ii«ii«w  SpiMre  {A.  M.,  275), — In  this  case,  using 
the  same  symbols  as  in  the  last  Article,  the  following  formulfie  give 
the  ratios  of  the  bursting  pressure  to  the  tenacity,  and  of  the 
external  to  the  internal  radius  : — 

P      2R«-2r».  .. 

.  y~    R»  +  2  r*  ' ^  ' 


h</  mf) « 


66.  MMUat  Btnys  {A.  M.,  276).— The  sides  of  locomotive  fire- 
boxes, the  ends  of  cylindrical  boilers,"  and  the  sides  of  boilers  of 
irr^ular  figures  like  those  of  marine  steam  engines,  are  often  made 
of  flat  plates,  which  are  fitted  to  resist  the  pressure  r — -^ 

from  within  by  being  connected  together  across  the     o     o     o  j_^ 
water-space  or  steam-space  between  them  by  tie-     0000 
'bars,  called  stays  when  long,  bolts  when  short  ©     o    o 

For  example,  fig.  21  represents  part  of  the  flat  side 
of  a  locomotive  fire-box,  and  shows  the  arrange-     0000 
ment  of  the  bolts  by  which  it  is  tied  to  the  flat         Fig.  21. 
plate  at  the  other  side  of  the  water-space. 

Each  of  these  bolts  or  stays  sustains  the  pressure  of  the  steam 
against  a  certain  area  of  the  plate  to  which  it  is  attached.  Thus, 
in  fig.  21,  the  bolt  a  resists  the  pressure  of  the  steam  on  the  square 
area  which  surrounds  it,  and  whose  side  is  eqtial  to  ^e^diatanoe 
from  centre  to  centre  of  the  .bolts.  ^  ^^^"^  ^^  c 
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Let  a  be  the  sectional  area  of  a  stay;  A,  that  of  the  portion  of 
flat  plate  which  it  holds ;  p,  the  bursting  pressure^  and/  the  tenacity 
of  the  material  of  the  stay.     Then 

--^^ 

Experience  has  shown,  that  the  plate,  if  its  material  is  as  strong 
ns  that  of  the  stay,  should  have  its  thickness  equal  to  half  the 
diameter  of  the  stay.  If  the  plate  be  of  a  weaker  material  than  the 
stay,  its  thickness  should  be  proportionally  increased. 

The  flat  ends  of  cylindrical  boilers  are  sometimes  stayed  to  the 
cylindrical  sides  by  means  of  triangular  plates  of  iron  called  ^'gite- 
aste."  These  plates  are  placed  in  planes  radiating  from  the  axis  of 
the  boiler,  and  have  one  edge  fixed  to  the  flat  end,  and  the  other 
to  the  cylindrical  body.  Each  gusset  sustains  the  pressure  of  the 
steam  against  a  sector  of  the  flat  circular  end.  Considering  that 
the  resultant  tension  of  a  gusset  must  be  concentrated  near  one 
edge,  it  appears  advisable  that  its  sectional  area  should  be  three  or 
four  times  that  of  a  stay  bar  suited  for  sustaining  the  pressure  on 
the  same  area. 

The  best  experimental  data  respecting  the  strength  of  boilers  are 
due  to  the  researches  of  Mr.  Fairbaim,  especially  those  recorded  in 
his  work  called  UsefoU  In/orTnatian/or  Engineers, 

67.  CyiiB^Mcai  Ftaea. — ^When  a  thin  hollow  cylinder,  such  as  an 
internal  boiler  flue,  is  pressed  from  without,  it  gives  way  by 
collapsing,  under  a  pressure  whose  intensity  has  been  found  by 
Mr.  Fairbaim  {PhUos,  Trans.,  1858)  to  vary  nearly  according  to 
the  following  laws : — 

Inversely  as  the  length ; 

Inversely  as  the  diameter ; 

Inversely  as  a  function  of  the  thickness,  which  is  very  nearly 
the  power  whose  index  is  2*19;  but  which  for  ordinary  practical 
purposes  may  be  treated  as  sensibly  equal  to  ^e  sqiuxre  of  the 
thiduiess. 

The  following  formula  gives  approximately  the  collapsing  pressure 
p,  in  lbs.  on  the  square  inch,  of  a  plate  iron  flue,  whose  length  Z,  * 
diameter  d,  and  thickness  ^,  are  all  expressed  in  ^  same  units  of 
measwre : — 

p  ^  9,672,000  f^ (1.) 

Let  t  and  d  be  expressed  in  inches,  and  let  L  be  the  length  in 
feet;  the  above  formula  becomes 

L  CT Drg^tiz*ed*by'vjDt!fC 
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As  the  resistance  of  flues  to  collapse  depends  very  much  on  their 
being  exactly  cylindrical,  Mr.  Fakbaim  recommends  that  ther 
shoxdd  be  made,  not  with  lap  joints,  like  boiler  shells,  but  wiw 
butt  joints  and  covering  strips. 

Mr.  Fairbaim  having  strengthened  tubes  by  rivetting  round 
them  rings  of  T-iron,  or  angle  iron,  at  equal  distances  apait,  flnds 
that  their  strength  is  that  corresponding  to  the  length  from  ring  to 
ring.  Safety  requires  that  the  collapsing  pressure  of  a  flue  should 
be  the  same  with  the  bursting  pressure  of  the  boiler  shell  in  which 
it  is  contained;  and  for  other  reasons  it  is  desirable  that  the  plates 
of  the  flue  Should  be  of  the  same  thickness  with  those  of  the  shelL 
The  thickness  of  the  shell  having  been  adapted  to  a  given  bursting 
pressure  by  the  formula  of  Article  62,  and  the  same  thickness  having 
been  assumed  for  the  flue,  its  collapsing  pressure  is  to  be  computed 
by  the  formulae  1  or  2  of  this  Article,  putting  for  ^  or  L  the  whole 
length  of  the  boiler.  Should  the  collapsing  pressure  so  calculated 
prove  less  than  the  bursting  pressure  of  tbe  shell,  let  n  be  either 
the  ratio 

bursting  pressure 
collapsing  pressure' 

if  that  is  a  whole  number,  or  the  nearest  whole  number  exceeding 
that  ratio,  if  it  is  fractional;  then  n  —  1  rings  are  to  be  ri vetted 
round  the  flue,  so  as  to  divide  its  length  into  n  equal  divisions; 
when  it  will  become  as  nearly  as  possible  of  the  same  strength  with 
the  shell 

68.  Elliptical  FiiM^ — Mr.  Fairbaim  finds  that  the  collapsing 
pressure  of  a  flue  of  an  elliptic  form  of  cross-section  is  found 
approximately  by  substituting  in  the  formuka  of  the  preceding 
Article,  for  a,  the  diameter  of  the  osculating  circle  at  the  flattest 
port  of  the  ellipse;  that  is,  let  a  be  the  greater,  and  b  the  less 
semiHuds  of  the  ellipse;  then  we  are  to  make 

-      2a« 

69.  SlMwtes  F*rc«  •f  Kers,  PIm,    B^Us,  Blvets,  *«•    {A.  if., 

280). — ^In  machines,  cases  occur  in  which  the  principal  pieces,  such 
as  plates,  links,  or  bars,  being  themselves  subjected  to  a  direct 
pull,  are  connected  with  each  other  at  their  joints  by  fastenings, 
such  as  rivets,  bolts,  pins,  screws,  cotters,  or  keys,  which  are  under 
the  action  of  a  shearing  forca  It  is  in  every  such  case  important, 
that  the  pieces  connected  and  their  &stenings  should  be  of  equal 
strength. 

Let  y  denote  the  resistance  per  square  inch  of  the  material  of  the 
•  principal  pieces  to  tearing;  S,  the  total  sectional  area,  whether  of 
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one  piece  or  of  two  or  more  parallel  pieces,  which  must  be  torn 
asunder  in  order  that  the  structure  may  be  destroyed;  /',  the 
resistance  per  square  inch  of  the  matenal  of  the  fastenings  to 
shearing;  S',  the  total  sectional  area  of  fastenings  at  one  joint, 
which  must  be  sheared  across  in  order  that  the  connection  may  be 
destroyed  ;  then  the  principal  pieces  and  their  fastenings  ought  to 
be  so  proportioned,  that 

/S=/'S';or|  =  |..; (1.) 

For  wrought  iron  rivetted  plates,  taking  the  value  of/'  as  deter- 
mined by  the  experiments  of  Mr.  Doyne,  we  have 

•^=^1  nearly,  and.-.  S'  =  S (2.) 

"When  a  fastening  is  not  tightly  jammed  in  its  hole,  its  area  must 
be  increased  in  the  following  proportion,  to  allow  for  unequal  distribu- 
tion of  stress: — 

Square  feistenings,  1^;  round,  1^. 

The  following  are  the  resistances  of  some  materials  to  shearing, 
in  pounds  on  the  square  inch  : — 

Cast  iron, 27,700 

Wrought  iron, 50,000 

Fir  and  pine, 500  to  800 

Oak, 2,300 

70.  BMlataBce  f  ]>iMCt  Crushing  (A,  M.,  282-4,  286).— The 
formulse  of  this  Article  have  reference  to  direct  crushing  only,  and 
are  limited  in  their  application  to  those  cases  in  which  the  pillars, 
blocks,  struts,  or  rods,  along  which  the  pressure  acts  are  not  so 
long  in  proportion  to  their  djameter  as  to  have  a  sensible  tendency 
to  give  way  by  bending  sideways.     Those  cases  comprehend — 

Stone  and  brick  pillars  and  blocks  of  ordinary  proportions ; 

Pillars,  rods,  and  struts  of  cast  iron,  in  which  the  length  is  not 
more  than  five  times  the  diameter,  approximately ; 

Pillars,  ix)ds,  and  struts  of  wrought  iron,  in  which  the  length  is 
not  more  than  ten  times  the  diameter,  approximately; 

Pillars,  rods,  and  struts  of  dry  timber,  in  which  the  length  is  not 
more  than  about  twenty  times  the  diameter. 

Let  P  denote  the  crushing  load  of  the  piece ; 

S  the  area  of  its  tranverse  section  in  square  inches ; 

ythe  I'esistanoe  of  the  material  to  crushing,  in  lbs.  on  the  square 
inch;  then  p 

/  Digitized  by  Google 
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Materials.  ^,i:™"¥P~^^ 

.iMM^  a»«^^^^  In  lU.  on  the  •qnaw  inch. 

Brick,  red, 550  to  1,100 

Fire  brick, i^Too 

Granite, 5,500  to  11,000 

LdmeBtone, 4,000  to  4,500 

Sandstone, a,aoo  to  5,500 

Rubble  masomy, iV  of  cut  stone. 

Cast  brass, 10,300 

Cast  iron, 82,000  to  145,000 

„      „     average, 112,000 

Wrought  iron, about  36,000  to  40,000 

Ash  (dry,  along  the  grain), 9,000 

Oak,  elm,      „  „        10,000 

Fir,  pine,       „  „         5,400  to  6,200 

Teak,  Indian,  „         12,000 

The  resistance  of  timber  to  crushing,  while  green,  is  aboi;t  one- 
half  of  its  resistance  after  having  been  dried. 

71.   WUmimmmtf  •f  Mwmm  Itods  mmA  Plllan  f  CwwMmg  hj  BchAIms 

(A.  M.y  327-335). — Pillars  and  struts  whose  lengths  exceed  their 
diameters  in  considerable  proportions  (as  is  almost  always  the  case 
with  those  of  timber  and  metal),  give  way,  not  by  dix^ect  crushing, 
but  by  bending  sideways  and  oreaking  across — ^being  crushed  at 
one  side  and  torn  asunder  at  the  other. 

liOt  Pi  be  the  crushing  load  of  a  long  rod  or  pillar,  in  lbs.  ; 

S  the  sectional  area  of  material  in  it,  in  square  inches  ; 

A,  iSl^rt^nud diameter,  }^*^  ^  the  same  tmite  of  meaBin*. 
Then,  approximately — 

p=-=^ (1) 

The  following  are  the  values  of/ and  o,  as  computed  from  ex- 
periments on  pillars  fixed  at  both  ends,  by  having  flat  capitals 
and  bases: — 

/,  lbs.  per  inch.  a. 

Wrought  iron  (roimd  rods), q6,ooo — — 

^  '  3,250 

Cast  iron  (hollow  pillars), 80,000 — • 

oOO 

A  pillar  or  rod  bounded  ob  jointed  at  both  ends  is  as  flexible 
as  a  pillar  of  the  same  diameter,  fixed  at  both  ends,  |i@(9f)doublo 
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the  length,  and  its  strength  is  nearly  the  same.  Hence,  for  such 
pillars — 

^ ^« (2) 

In  the  case  of  a  pillar  fixed  at  one  end  and  jointed  at  the  other, 
for  the  multiplier  4  in  the  denominator  of  the  above  formula, 

substitute  -g-. 

I 
In  using  the  formuls,  the  ratio  7-  is  generally  fixed  beforehand, 

to  a  d^;ree  of  approximation  sufficieQt  for  the  purposes  of  the  cal- 
culation. 

GoNNEcnKG  BODS  of  douhle  acting  steam  engines  are  to  be  con- 
sidered as  in  the  condition  of  pillars  rounded  at  both  ends;  piston 
BOOS,  as  in  the  condition  of  pillars  fixed  at  one  end  and  rounded  at 
the  other. 

The  piston  rods  of  single  actmg  steam  engines  are  exposed  to 
tension  only. 

In  wrought  iron  framework  and  machinery,  the  bars  which  act 
as  struts,  in  order  that  they  may  have  sufficient  stifihess,  are  made 
of  various  forms  in  ci'oss-section,  well  known  as  '^  angle  iron,** 
"channel  iron,"  "  T-iron,"  "  double  T-iron,**  &a  In  each  of  these 
forms,  the  quantity  represented  by  ft  ^  in  equation  1  is  to  be  made 
equal  to  16  times  the  square  of  the  least  radius  of  gyration  of  the 
cross-section. 

Wrought  iron  cells  are  rectangular  tubes  (generally  square) 
usually  composed  of  four  plate  iron  sides,  rivetted  to  angle  iron 
bars  at  the  comers.  The  tUtimate  resistance  of  a  single  square  cell 
to  crushing  by  the  buckling  or  bending  of  its  sides,  when  the  thick- 
ness of  the  plates  is  not  less  tham,  one-thirtieth  of  the  diameter  of  the 
cdl,  as  determined  by  Mr.  Fairbaim  and  Mr.  Ilodgkinson,  is 

27,000  lbs.  per  square  inch  section  of  iron ; 

but  when  a  number  of  cells  exist  side  by  side,  their  stiffiiess  is 
increased,  and  their  ultimate  resistance  to  a  thrust  may  be  taken  at 

33,000  to  36,000  lbs.  per  square  inch  section  of  iron. 

The  latter  co-efficients  apply  also  to  cylindrical  cells. 

72.  teeagUi  •f  TlmWr  PMts,  Strata,  and  C^mmcUbc  Umdm, — ^The 
following  formula  is  given  on  the  authority  of  Mr.  Hodgkinson's 
experiments,  for  the  tUtimate  resistance  of  posts  of  oak  and  red  pine 
to  crushii«  by  bending:-  o„.e.byGoOgle 
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P  =  AyS; (1.) 

S  being  the  sectional  axea  in  square  inches,  h:l  the  ratio  of  the 
least  diameter  to  the  lengthy  and  A  =  3,000^000  lbs.  per  square 
inch. 

The  fctctor  o/aa/ety  for  the  working  load  of  timber  is  10. 

For  square  posts  and  struts,  the  formula  becomes 

^  =  ^^* (2) 

If  the  strength  of  a  timber  post  be  computed  both  by  this  for- 
mula and  by  the  formula  for  direct  crushing,  viz. : — 

P=/S, (3.) 

the  lesser  value  should  be  adopted  as  the  true  strength. 

Timber  cahnecting  rods  for  steam  engines,  being  in  the  condition 
of  pillars  jointed  at  both  ends,  are  of  die  same  strength  with  Jixed 
jnilars  of  double  the  length, 

73.  Berifltaace  f  Crmm  Bwwilihig. — ^The  formul»  of  this  Article 
are  applicable  not  only  to  beams  for  supporting  weights,  but  to 
levers,  cross-heads,  cross-tails,  axles,  journals,  cranks,  and  all  pieces 
in  machinery  or  framework  to  which  forces  are  applied  tending  to 
break  them  across* 

The  tendency  of  a  force  to  bend  or  break  a  b^am  is  called  the 
momeni  of  flexure.  It  is  the  product  of  the  magnitude  of  the  force 
into  its  leverage — ^that  is,  into  the  perpendicular  distance  from  the 
line  of  action  of  the  force  to  the  place  where  the  beam  will  soonest 
give  way. 

When  the  load  is  distributed  over  a  finite  length  of  the  beam, 
the  leverage  of  its  resultant  is  to  be  taken. 

The  place  where  the  beam  will  soonest  give  way  is — 

In  a  beam  fixed  at  one  end  and  free  at  the  other,  the  boundary 
between  the  fixed  and  free  parts ; 

In  a  beam  supported  at  both  ends  and  loaded  at  any  intermedi- 
ate point,  or  supported  at  any  intermediate  point  and  loaded  at  the 
ends,  the  intermediate  point; 

In  a  beam  supported  at  both  ends,  with  an  imiformly  distributed 
load,  the  middle  of  the  beam. 

The  magnitude  of  the  load  is  most  conveniently  expressed  in 
ponndSf  and  the  leverage  in  inches;  so  that  the  Tnoment  of  flexure 
may  be  said  to  be  expressed  in  inch-pounds. 

In  the  following  formulsB,  W  denotes  the  total  load,  in  pounds; 

c,  in  beams  fixed  at  one  end  and  fr-ee  at  the  other,  i^  length  o/ 
the/reepaH,  in  inches;  igtizedbyV^OOgie   ^ 
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c,  iu  beams  either  loaded  or  supported  at  both  ends,  the  half 
spcm,  between  the  extreme  points  of  load  or  support  and  the  middle^ 
in  inches ; 

M,  the  moment  of  flexure  in  inch-pounds. 


For  beams 


fixed  at  one  end  and  loaded  ) 
at  the  other, j 


M  =  oW (1.) 


fixed  at  one  end 
formly  loaded,... 


and 


2 


supported  at  both  ends  and ' 
loaded  at  an  intermediate 
point,  whose  distance  from 
the  middle  of  the  beam  is  x, 


M  = 


(cg-g«)W 


2c 


cW 


supported  at  both  ends  and  )  /a.— o^•  M— — 

loaded  in  the  middle, /  V«^-''^^  '^-  ^2 

supported  at  both  ends  and  ) 
uniformly  loaded, j 


4 


(2.) 
(3.) 

.(4.) 
.(5.) 


If  W  be  the  intended  breaking  load  of  the  piece,  found  by  mul- 
tiplying the  working  load  by  a  proper  factor  of  safety,  M  will  be 
the  m^nerU  qf  rttptv/re,  to  which  the  resistance  to  rupture  at  the 
place  where  i^e  tendency  to  break  is  greatest  must  be  made  equal 

That  resistance  is  given  by  the  formula — 

M  =  n/6  A2 (6.) 

in  which 

b  denotes  the  extreme  breadth  of  the  piece,  in  inches; 

h  its  extreme  depth,  in  inches; 

/  a  factor  depending  on  the  material,  called  the  modtdus  of  rup- 
ture, in  pounds  on  the  square  inch; 

n  a  fikictor  depending  on  the  figure  of  the  cross-section. 

M  having  been  computed  from  the  breaking  load  and  its  lever- 
age, and  /and  n  being  known,  the  scantling  or  transverse  dimen- 
sions of  the  beam  are  to  be  such  that 


.(7.) 


^Bk^  =  ^^ 

nf 

It  is  obvious  that  the  breadth  and  depth  may  be  varied,  and  still 
give  the  product  b  h^  the  same  value ;  but  there  *are  limits  to  that 
variation  founded  on  considerations  of  stifiness  and  stability,  which 
make  it  desirable  that  in  most  cases  h  should  range  between  one- 
twelfth  and  one-sixteenth  of  the  span,  unless  there  be  special 
reasons  to  the  contrary.  Digitized  by  tjOOglc 
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The  following  table  gives  examples  of  the  values  of  the  factor  n 
for  some  of  the  more  usual  forms  of  cross-section : — 

I.  Rectangle  6  A  (including  square), g- 

IL  Ellipse,  vertical  axis  A,  horizontal  axis  6,)   _1__  j- 00982. 
(including  circle,  for  which  b  =  h,) )   10*2 

in.  Hollow  rectangle,  bh-h'h';  also  I-formed  ]     i    ^      I'  ^'Sx 
section,   where  6'  is   the   sum  of   the  >    -   (l"~TTa)- 
breadths  of  the  lateral  hollows, j     ^\       ^'^^ 

IV.  Hollow  square,  A2-7*'2 ^    V"W' 

V.  Hollow  ellipse, 1^0  ""w)- 

VL  HoUow  circle, , ^  (l^^^. 


Modulus  of  Kuptube,  ih  Lbs.  on  the  Square  Inch. 

Wrought  iron,  plate  beams, 42,000 

„  „       bars  and  axles, 54,000 

Cast  iron, 18,750  +  23,000—, 

(where  H  is  the  depth  of  solid  Tnetal  in  the  section  of  the 
beam,  and  A  the  extreme  depth.) 

Ash, , 12,000  to  14,000 

Fir,  pine, 7,000  to  12,300 

Larch, 5,ooo  to  10,000 

Oak,  British,  Bussian,  and  American, 10,000  to  13,600 

Teak, 14,800 

The  modulus  of  rupture  is  eighteen  times  the  load  required  to 
break  a  bar,  one  inch  square,  supported  at  two  points,  one  foot 
apart,  by  being  applied  in  the  middle  of  the  bar. 

The  section  for  cast  iron  beams  first  proposed  by  Mr.  Hodgkin- 
son,  in  consequence  of  his  discovery  of  the  fact,  that  the  resistance 
of  cast  iron  to  direct  crushing  is  more  than  six  times  its  resistance 
to  tearing,  consists,  as  in  fig.  22,  of  a  lower  flange  B,  an  upper 
flange  A,  and  a  vertical  web  connecting  them.  The  sectional  area 
of  t^e  lower  flange,  which  is  subjected  to  teni^op^  ^  nearly  six 
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times  that  of  the  Yipper  flange,  which  is  subjected  to  thrust  In 
order  that  the  beam,  when  cast,  may  not  be  liable  to  crack  from 
uneqiial  cooling,  the  vertical  web  has  a  thickness 
at  its  lower  side  nearly  equal  to  that  of  the  lower 
flange,  and  at  its  upper  side^  nearly  equal  to  that 
of  the  upper  flange. 

The  tendency  of  beams  of  this  cjass  to  break  by 
tearing  of  the  lower  flange  is  slightly  greater  than 
the  tendency  to  break  by  crushing  of  the  upper 
flange;  and  their  modulus  of  rupture  is  equal,  or 
nearly  equal,  to  the  dii-ect  tenacity  of  the  iron  of  which  they  are 
made,  being,  on  an  average  of  diflerent  kinds  of  British  iron, 
16,5Q0  lbs,  per  square  inch. 

The  following  foimula  for  the  moment  of  rupture  of  such  beams, 
though  not  strictly  exact,  is  in  general  near  enough  to  the  truth 
for  practical  purposes : — Let  B  be  the  sectional  area  of  the  lower 
flange,  in  square  inches;  hi  the  depth  in  inches  from  the  centre  of 
the  upper  flange  to  the  centre  of  the  lower  flange;  then 

M  =  16500  A' B. (8.) 

74.  B«steiaace  t*  iTreMcUng. — For  equal  values  of  the  modulus 
of  rupture,  denoted  hjfy  the  strength  of  a  cylindrical  axle  to  resist 
wrenching  is  double  of  its  strength  to  resist  breaking  across. 

Let  I  denote  the  length,  in  inches,  of  the  lever  (such  as  a  crank), 
at  the  end  of  which  a  wrenching  or  twisting  force  is  applied  to  an 
axle;  let  the  working  load,  in  pounds,  midtiplied  by  a  suitable 
factor  of  safety  (usually  six)  be  denoted  by  W;  then 

W^  =  M ..(1.) 

is  the  wrencldng  momeTd^  in  inch-pounds. 

The  following  are  the  formulsB  which  serve  to  compute  the 
dimensions  of  axles  whose  resistances  to  wrenching  shall  be  equal 
to  a  given  wrenching  moment : — 

For  a  solid  axle,  let  A  be  its  diameter;  then 


/A». 


M=-3^;  and;i  =  Y^ (2.) 

For  a  hollow  axle,  let  A^  be  the  external  and  h^  the  internal 
diameter;  then 


51  \     ~  5 


(3.> 
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which  last  formula  serves  to  oompate  the  diameter  of  a  hollow 
axle  when  the  ratio  i^  :  ^  of  its  internal  and  external  diameter  has 
been  fixed. 
The  yalnes  of  the  modolos  of  wrenching /a 


For  cast  iron, about  27,700 

For  wrought  iron, „     50,000 

and  taking  six  as  the  factor  of  safety,  if  we  put  the  greatest 
working  moment  of  torsion  for  M  in  the  formulte  instead  of  the 
wreTicJwng  moment,  we  may  put  instead  of^^ — 

For  cast  iron, 4»5oo 

For  wrought  iron, 8,000  to  9,000 


75.  TnlmUtB  9mA  Bcudlac  C— iM«><  (A,  M.,  325).— One  of 
the  most  important  examples  of  this  is  shown  in  fig.  23,  which 
represents  a  shaft  having  a  crank  at  one 
end.  At  the  centre  of  the  crank-pin  P  is  ap- 
jdied  the  pressure  of  the  connecting  rod ;  and  at 
the  centre  of  the  bearing  S  acts  the  equal  and 
opposite  resistance  of  that  bearing.  Kepresent- 
ing  the  common  magnitude  of  those  forces  by 
P,  they  forin  a  couple  whose  moment  is 

M=:PSP. 

DrawSQ  bisecting  the  angle  PSM.     OnSQ 

let  fidl  the  perpendicular  P  Q.    From  Q  let  ML  Fig.  28. 

Q  M  perpendicular  to  S  M. 

Calculate  the  diameter  of  the  shaft  as  if  to  resLst  the  bending 
action  of  P  applied  at  M,  and  it  will  be  strong  enough  to  resist  the 
combined  bending  and  twisting  action  of  P  appli^  at  the  point 
maricedP. 

To  express  this  symbolically,  taking  the  factor  of  safety  at  6,  let 
Wsr6P.    Make  the  angle  PSM  =rj;  then 

SM  =  PS.li^*; 

and  fhe  diameter  A  of  the  axlea  is  to  be  suited  to  the  moment  of 
brealang  aerou — 


=  W •  STir  =  W •  HP  LiifSi? 


that  is, 


ITsW-SMsW-SP 


10-3  if 


.(1.) 


>=a7^ 
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76.  Teeth  ef  Wheels. — ^The  following  is  Tredgold's  fommla  for 
the  thickness  of  the  cast  iron  teeth  of  wheels,  which  are  to  trans- 
mit the  toorking  pressure  P. 

Let  that  pressure  be  expressed  in  pounds,  and  the  thickness  h  of 
each  tooth  in  inches;  then 

Section  9. — Prime  Movers  Classed 

77.  Prime  movers  are  classed  according  to  the  forms  in  which 
the  energy  that  drives  them  is  first  obtained.     These  are— 

^  I.  MuscuUvr  Power,  applied  by  men  to  machines  and  implements 
of  very  various  kinds, — and  by  beasts,  chiefly  to  overcoming  resist- 
ance by  traction  and  to  carrying  of  burdens. 

IL  The  Weight  <md  Motion  of  Fluids ,  acting  in  water  pressure 
engines,  water  wheels,  and  other  hydiuulic  engines,  and  in  wind- 
mills. 

III.  Heat,  obtained  by  means  of  chemical  combination,  and 
applied  to  the  producing  of  changes  in  the  volume  and  pressure  of 
fluids,  so  as  to  drive  engines,  of  which  the  steam  engine  \a  the  chief! 

IV.  Electricity,  obtained  originally  by  means  of  chemical  com- 
bination, and  applied  to  the  production  and  alteration  of  nu^etic 
force,  so  as  to  ^ve  certain  engines. 

The  division  of  the  remainder  of  this  work  is  founded  on  the 
above  classification. 


Addendum  to  Article  41,  Page  46. 

Rotaterjr  I>7vaiiioiiieier.--Iii  the  "  Pandynamometer "  of  M.  G.  A. 
Him,  the  torsion  of  the  rotating  shaft  which  transmits  power  is  made  the 
means  of  measurinff  and  recording,  by  a  self-acting  apparatus,  the  moment  of 
the  conj^  by  whicn  the  shaft  is  dnven.  Two  toothed  spur-wheels,  fixed 
on  the  shaft  at  two  different  points,  conmiunicate  rotations  of  equal  speed  in 
opposite  directions  to  two  bevel  wheels  which  gear  with  one  mtermediate 
bevel  wheel  at  opposite  sides  of  its  rim.  The  axis  of  the  third  wheel  in- 
dicates by  its  position  one-half  of  the  angle  through  which  the  shaft  is 
twisted  between  the  spur-wheels,  and  communicates  its  motion  to  the  pencil 
of  the  recording  apparatus.     (See  A  nnq/AS  des  Mines,  1867. ) 
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CHAPTER  L 

OENEBAL  PRINCIPLES.  ^^ 

78.  itmtmn  mt  the  flat»j««i. — JdthovLgh  it  lias  been  shown,  in  a 
paper  by  Dr.  Joule  and  the  late  Dr.  Scoresby  {Phil  Mag.,  1846), 
that  animalB  acting  as  prime  moyers  have  a  higher  efficiency  than  any 
inorganic  machines,  still  the  present  state  of  our  knowledge  is  in- 
sufficient to  enable  us  to  firame  a  complete  theory  of  their  edfidency. 
We  cannot  determine  with  precision  the  whole  amount  of  energy, 
which  a  given  animal  developes  in  a  given  time,  so  as  'to  compare 
that  amount  with  the  energy  which  can  be  rendered  effectiYe  in 
the  same  time  in  overcoming  mechanical  resistance.  All  that  we 
can  do  is  to  ascertain  by  experiment  and  observation  the  quantities 
of  effective  energy  exerted  by  different  animals  working  under  dif- 
ferent circumstances,  and  to  compare  those  quantities  with  each 
other. 

In  the  present  chapter  will  be  stated  some  principles  which  hold 
respecting  the  muscular  power  both  of  men  and  of  beasts.  The 
power  of  men  will  be  considered  specially  in  the  second  chapter, 
and  that  of  beasts  in  the  third. 

79.  The  iHdiy  w«rk  of  an  animal  is  the  product  of  three  quan- 
tities— ^the  resistance  overcome,  the  velocity  with  which  it  is  over- 
come, and  the  number  of  units  of  time  per  day  during  which  work 
is  continued.  It  is  known  that  the  amount  of  the  daily  work 
depends  on  various  circumstances,  of  which  the  principal  are— 

il.V  The  species  and  race. 
2.)  The  health,  strength,  activity,  and  disposition  of  the  in- 
dividual 

(3.)  The  abundance  and  quality  of  food  and  air,  the  climate, 
and  other  external  circumstances  affecting  those  mentioned  under 
head  2. 

{A.\  The  load,  or  resistance  overcome. 

\5.)  The  velocity.  Digitized  by  Googlc 
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^6.)  The  fraction  of  the  day  employed  in  working. 

(7.)  The  nature  of  the  machine  or  implement  used  in  perfonning 
the  work.  This  cause  affects  men  more  especially,  owing  to  the 
variety  and  complexity  of  the  machines  on  which  they  can  exert 
their  muscular  power.  Beasts  are  made  to  work  almost  exclusively 
in  two  ways — by  traction  and  by  carrying  of  burdens;  so  that 
little  variation  in  the  amount  of  theii*  mechanical  work  arises  from 
the  circrmistances  under  the  present  head. 

(8.)  The  practice  and  training  of  the  individual  This  applies 
principally  to  men,  and  in  a  less  degree  to  beasts. 

80.  laflaeace  mt  Ii€Mul«  Tel^cItT,  mmA  TIbm  mt  WMkinc  mm  l^ailj 
W«rk« — It  is  known  that  for  each  individual  animal  there  is  a  cer- 
tain set  of  values  of  the  three  fisictors  of  the  daily  work  which 
makes  their  product  a  maximum,  and  is  therefore  the  best  for 
economy  of  power,  and  that  any  departure  frx)m  that  set  of  values 
diminishes  t^e  daily  work.  Yarious  attempts  have  been  made  to 
r^resent  the  law  of  that  diminution  by  an  equation,  but  they 
have  succeeded  imperfectly.  The  equation  whioh  agrees  on  tJie 
whole  best  with  observation  is  that  of  Masohek,  which  is  as  fol- 
lows : — ^Let  Rj,  V^  T, ,  represent  respectively  the  resistance,  velo- 
city, and  daily  time  of  working  whidi  give  the  greatest  daily  woric, 
and  B)  Y ,  T,  any  other  resistance,  velocity,  and  daily  time  of  work- 
ing; then 

|+T,+r,=^ (^•) 

According  to  this  equation,  the  maximum  daily  work  I^  Y^T^  is 
realized  under  the  following  circumstances : — 

Rj  is  one-third  of  the  resistance  which  the  man  or  beast  can 
overcome  for  an  instant  and  no  more. 

Vj  is  one-third  of  the  velocity  which  can  be  maintained  witibout 
resistance  for  an  instant 

T^  is  one-third  of  a  day.  This  last  princi{^e  is  generally  ad- 
mitted to  be  true;  the  others  are  doubtfrd. 

The  above  formula  agrees  approximately  with  experiment  for 
circumstances  not  greatly  deviating  frt>m  those  in  whidi  the  daily 
work  is  a  maximum. 

81.  laafnMw  mi  Other  circBMiiiaaces. — The  circumstances  num- 
bered 4,  5,  and  6  in  Article  79  have  been  considered  first,  because 
for  them  alone  has  anything  approaching  te  a  mathematical  prin- 
ciple been  ascertained.  The  effect  of  the  circumstance  7  will  be 
oonsidered  in  the  ensuing  chapters.  The  influence  of  the  other 
circumstances,  1,  2,  3,  and  8,  involves  questions  of  natural  histery 
and  physiology  rather  than  of  mechanics.  With  respect  to  the 
circumstance  3,  it  may  be  stated,  that  other  things  being  alike. 
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the  individnal  that  can  beneficiallj  breathe  most  air  and  digest 
most  food,  can  also  perform  most  muscular  work;  and  inasmuch  as 
the  capacity  for  the  beneficial  digestion  of  food  depends  in  a  great 
measure  on  the  capacity  for  the  beneficial  breathing  of  air,  the 
volume,  strength,  and  soundness  of  the  limgs,  and  the  abundance 
and  purity  of  the  air  supplied  to  them,  are  of  primary  importance 
to  muscular  power. 

It  is  well  known  that,  by  a  reciprocal  action,  muscular  exertion 
increases  the  powers  of  respiration  and  digestion. 

82.  In  the  TcuMpwt  mf  MjmmSm,  cases  sometimes  occur  in  which 
it  is  iiiq)0S8ible  exactly  to  determine  the  resistance  overcome  by  an 
animal;  and  it  is  consequently  impossible  to  calculate  the  absolute 
value  of  the  work  performed  But  a  quantity  can  be  computed  in 
each  such  case  which  bears  some  unknown  proportion  to  the  work 
performed,  viz.  :—the  product  of  the  locui  into  the  horizontal  distance 
ever  which  it  is  conveyed.  That  product  is  called  "  transport,**  and 
examples  of  its  values  will  be  given  in  the  sequeL 
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CHAPTER  IL 


POWER  OP  MEN. 


83.  TaM«s  mt  the  P«r«MnuMic«  •€  him. — ^The  results  in  the  fol- 
lowing tables  are  given  on  the  authoriiy  of  Coulomb,  Navier,  and 
Poncelet,  with  the  exception  of  those  inarked  16,  which  are  from 
experiments  by  Lieutenant  David  Eankine. 

I.  Work  op  a  Man  against  Known  Resistances. 


R 

V 

T* 
8600 

BV 

BVT 

KiKD  Of  ExKBTioar. 

IbflL 

ft  p.  sec. 

(hour» 
p.  day.) 

ft-lba. 
per  sec. 

ft-Ibfli  p.  day. 

•fair  OP  lAddfir.  ..■..■■>••••. 

143 

0-6 

8 

72-5 

2,088,000 

2.  Hauling   up  weights   with 

rope,   and   lowering   the 

rope  unloaded, 

40 

0-76 

6 

30 

648,000 

8.  Lifting  weights  by  hand,. ... 

44 

0-65 

6 

24-2 

522,720 

4.  Carrying  weighte  up  stairs, 

and  letnming  unloaded, 

143 

0-13 

6 

18-5 

899,600 

5.  Shovelling  up   earth    to  a 

height  of  6  ft.  3  in., 

6 

1-3 

10 

7-8 

280,800 

6.  WheeUng  earth  in  barrow  up 

slop^  of  1  in  12,  i  horiz. 

veloc  O'd  ft.  per  sec.,  and 

returning  unloaded, 

132 

0-075 

10 

9-9 

356,400 

7.  Pushing  or  pulling  horizon- 

tally (capstan  or  oar), 

26-6 
(12-6 

2-0 
6-0 

8 
? 

53 
62-5 

1,526,400 

8.  Taming  a  crank  or  winch,... 

^18-0 

2-5 

8 

45 

l,296l000 

(200 

14-4 

2mins. 

288 

... 

9    Workinir  Dumn.... 

18-2 
16 

2-6 
? 

10 
8? 

83 

? 

1,188,000 
480,000 

10.  Hammeoing, 

ExpUmation, — R,  resistance;  V,  effective  vdocUy  =  distance 
through  which  R  is  overcome  -?-  total  time  occupied,  including 
the  time  of  moving  unloaded,  if  any;   T",  time  of  working,  in 

mil 

seconds  per  day;  l^^7w^>  same  time,  in  hours  per  day;  R  V,  eflfective 
I)ower,  in  foot-poimds  per  second;  R  V  T,  daily  work.  30gle 
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II.  Perforicakce  of  a  Man  in  Tranbpobtinq  Loads 

HOBIZONTALLT. 


L 

IbiL 

ft.p.Me. 

T 

3665 

(hoon 

p.  day.) 

nss.  rnssr 

1 1.  Walkiog  imloAded,  tmuport 
of  own  weight, 

140 

224 

182 

90 

140 
(262 
J 126 
(    0 

5 

If 

1§ 

I* 

11-7 
281 

10 

10 

10 

7 

6 

... 

700 

873 
220 
225 

233 
0 
1474-2 
0 

25,200,000 

18,428,000 
7,920,000 
6,670,000 

5,082,800 

••• 

12.  Wbeding  load  L  in  2.wUd. 

barrow,  return,  unloaded, 

18.  Ditto  in  1-wh.  barrow,  ditto, 

14.  Trardling  with  harden, 

15.  Carrying  burden,  retoming 

16.  Carrying  burden,  for  80  •»- 
oonda  onlv................... 

Ea^plaruUian, — L,  load ;  V,  effective  velocity,  computed  as  before; 

T",  time  of  working,  in  seconds  per  day;  o^aa*  ^  bours  per  day,  as 

before;  LV,  trampart  per  eecond,  in  foot-pounds;  LVT,  daily 
transport 

84.  w«rk  mt  A  H«i  wtmiab^  kia  Owa  wdght. —  The  average 
amount  of  this  is  given  in  line  1  of  the  table  in  Article  83,  and  is 
greater  than  the  work  which  the  man  can  perform  by  any  other 
mode  of  exertion.  The  most  simple  method  of  rendering  available 
this  kind  of  work  is  that  invented  by  a  French  officer  of  engineers, 
Captain  Coignet,  and  applied  to  the  lifting  of  barrows  of  earth  from 
an  excavation  about  forty  feet  deep.  A  hoist  is  constructed,  con- 
sisting of  a  strong  rope  passing  over  a  large  pulley,  and  having 
suspended  at  each  end  of  it  a  cage  or  enclosed  platform.  Each 
barrow  of  earth  on  being  brought  to  the  foot  of  the  hoist  is  placed 
in  the  cage  which  has  just  descended  to  the  lower  level  At  the 
same  time  a  man  with  an  empty  barrow  steps  into  the  other  cage 
at  the  upper  level,  and  descending  along  with  it,  causes  the  cage  con- 
taining the  full  barrow  to  rise  to  the  higher  level,  and  the  bairow  is 
then  removed.  The  man  then  leaves  the  cage  in  which  he  has 
descended,  and  at  once  returns  to  the  higher  level  by  mount- 
ing a  ladder.  When  he  mounts  the  ladder,  he  stores  energy  to  an 
amount  equal  to  the  product  of  his  weight  into  the  vertictJ  height 
of  ascent^  which  energv  is  expended  when  he  descends  in  one  cage 
and  raises  the  load  in  the  other.  A  party  of  men  are  employed  in 
this  operation  alone,  the  barrows  being  wheeled  to  and  from  the 
hoist  by  others.     There  is  one  man  whose  sole  duty  it  is  to  attend 
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to  the  machine,  and  either  by  hand  or  by  means  of  a  brake  to  con- 
trol the  motion  when  it  tends  to  become  too  rapid. 

The  velocity  of  vertical  ascent  given  in  the  table  being  the 
effecti/oe  velocity  only,  is  found  by  dividing  the  whole  height 
ascended  in  a  day  by  the  whole  number  of  seconds  occupied, 
whether  in  ascending  or  in  descending. 

.  85.  UAtec  wdftiits  %f  A  lUpe* — Th&  data  in  line  2  of  the  tables 
are  obtained  from  the  results  of  the  exertknus  of  men  in  working  a 
ringing  pUe  engine,  in  which  a  heavy  ram  moving  vertically  between 
guides  is  attadbed  to  a  rope  passing  over  a  pulley.  The  other  end 
of  the  rope  branches  out  into  several  smaller  ropes,  held  by  a  suffi- 
cient number  of  men,  in  the  proportion  of  about  one  man  for  each 
40  lb.  weight  of  the  ram.  Tlie  men,  pulling  all  together,  lift  the 
ram  from  three  to  four  feet,  and  let  it  drop  suddenly  on  the  head 
of  the  pile.  It  is  found  that  they  work  moot  effectivdy  when, 
after  every  three  or  four  minutes  of  exertion,  they  have  an  interval 
of  rest. 

86.  OdMT  iil«4c«  mt  BMtttoik — It  is  scarcely  necessary  to  state 
that  in  none  of  the  lines  of  the  first  table  except  that  marked  1  is 
the  weight  of  the  man  himself  included  in  any  load  which  he  is 
stated  as  moving. 

In  line  6,  the  resistance  B  =  132  lbs.  is  the  net  weight  of  the 
earth  in  the  barrow,  and  excludes  the  weight  of  the  barrow 
itself  The  mean  actual  velocity  going  and  returning  is  1*8  feet 
per  second ;  but  as  the  effedwfe  velocity  is  to  be  computed  from  the 
distance  travelled  yoKm  loaded  only,  it  is  one-half  of  1  *d,  or  0*9  foot 
per  second  ;  and  as  the  rate  of  ascent  of  the  slope  is  1  in  12,  the 
e£fective  vertical  velocity  is  0*9  -r- 12  =  0-075  of  a  foot  per  second, 
as  set  down  in  the  column  Y.  It  is  to  be  observed  that  the  work 
set  down  in  this  line  is  that  due  to  the  vertioal  racing  of  the  earth 
only,  and  is  by  no  means  the  whole  work  performed  by  the  man ; 
the  conveying  the  earth  horizontally  abo  involves  the  overcoming 
of  resistance  and  performing  of  work,  though  to  what  amount  is 
only  known  by  a  rough  approximation  to  be  mentioned  in  the  next 
Article. 

Line  7  shows  that,  next  to  raising  his  own  weight  up  a  ladder, 
the  most  &vourable  modes  of  exerting  a  man's  strength  are  the 
pushing  of  a  capstan  bar  and  pulling  of  an  oar. 

Next  in  amount  of  daily  work,  as  shown  by  line  8,  is  the  turn- 
ing of  a  crank  or  winch — ih^  ordinary  mode  of  driving  purchases, 
cranes,  monkey  pile  engines,  and  a  great  variety  of  other  machines. 

The  result  in  line  9,  relative  to  working  a  pump,  will  also  apply 
to  windlasses  which  are  worked  by  levers  in  the  position  d  pump 
handles.  It  applies,  amongst  other  pumps,  to  those  of  hydraulic 
presses — a  kind*  of  machine  which,  although  generally  worked  by 
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men,  inyolves  hydrodynamic  principles,  wMch  make  it  necessary  to 
defer  its  consideration  till  Part  XL  of  this  work. 

In  line  10,  relative  to  swinging  a  15  lb.  hammer,  some  of  the 
data  are  wanting^  and  the  result  is  doubtfuL 

87.  Tub— piiii^g  i^mmdm, — ^In  the  second  table,  the  only  line  in 
which  the  weight  of  the  man  is  taken  into  account  is  that  marked 
11,  where  bis  own  weight  is  the  only  load  conveyed. 

By  compaiing  line  13  in  the  second  table  with  line  6  in  the  firsts 
it  i^peiEmi  Uiat  the  exertion  of  wheeling  a  load  of  earth  horizontally 
in  a  Qiie*wheeled  barrow  from  ten  to  twelve  feet  or  thereabouts, 
moii  be  nesrly  equal  to  that  due  to  the  raising  of  the  same  earth 
one  fiMt  Tertloftlly  in  wheeling  it  up  a  T 
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88.  TiO^lM  mf  the  PerTenHMiee  •€  mmnm. — The  results  in  the 
foUowing  table  are  given  on  the  authorily  of  Navier  and  Ponoelet, 
except  i£e  line  marked  1,  whidi  is  from  experiments  by  Mr.  David 
Bankine  and  the  Author.  line  2  contains  the  mean  of  several 
results  of  experiments  on  draught  horses,  and  may  be  considered 
the  average  of  their  ordinary  performance  under  the  most  &vourable 
circumstances  as  to  time  of  working  and  velocity. 

L  Work  of  a  Horse  aqainst  a  Known  Eesistancel 


R 

V 

T 
8600 

RV. 

RVT 

1.  Caoteriog  and  trotting,  draw- 

ing a  light  railway  car- 
riage (thoronghbred), 

2.  Horse  drawing  cart  or  boat, 

walking  (draught  horse), 

8.  Horse  drawing  a  gin  or  mill, 

walking,.. ........ ........... 

rmin.22}) 
<inean80{S> 
Imax.  50j 

120 

100 
66 

14! 

8-6 

8-0 
6-5 

4 

8 

8 
4J 

447J 

482 

800 
429 

6,444,000 

12,441,600 

8,640,000 
6,050,000 

4.  Ditto,  trottinff. 

• 

ExpUmaiion, — R,  resistance,  in  lbs.;  V,  velocity,  in  feet  per 
second;  T-t-3600,  hours'  work  per  day;  RV,  work  per  second; 
RVT,  work  per  day. 

IL  Performance  of  a  Horse  in  Transporting  Loads 
Horizontally. 


L 

V 

T 
8^ 

LV 

LVT 

6.  Walking  with  cart,  always 
loaded, ,. 

1,600 
760 

1,600 
270 
180 

8-6 
7-2 

2-0 
8-6 
7-2 

10 

10 

10 

7 

6,400 
6,400 

8,000 

972 

1,296 

194,400,000 
87,480,000 

108,000,000 
84.992,000 
82,659,200 

6.  Trottincr  ditto. 

7.  Walking    with    cart,    going 

loaded,  returning  empty; 
V  =  i  mean  velocity, 

8.  Carrying  burden,  walking,... 

9.  Ditto,  trottinir. 

HOBSES — OXEN — HULES — ^ASSES.  89 

ExjplamaiAon. — L,  load,  in  lbs. ;  Y,  velodiy  in  feet  per  second ; 
T -7-3600,  working  hours  per  day;  LY,  transport  per  second; 
Ij  Y  T,  transport  per  day. 

Table  IL  has  reference  to  conveyance  on  common  roads  only,  and 
Uioee  evidently  in  bad  order  afl  respects  the  resistance  to  traction 
upon  them. 

The  average  power  of  a  draught  horse,  as  given  in  line  2, 

Table  L,  being  432  foot-pounds  per  second,  is  ^r^  =  0*785  of  the 

conventional  value  assigned  by  Watt  to  the  ordinaiy  unit  of  the 
rate  of  woric  of  prime  movers  (Article  3). 

89.  Ozcm  MbIm,  Amm. — Authorities  differ  considerably  as  to 
the  power  of  these  animals.  The  following  may  be  taken  as  an 
approximative  comparison  between  them  and  draught  horses : — 

Ox. — ^Load,  the  same  as  that  of  average  draught  horse;  best 
velocity,  and  work,  |  of  horse. 

MuLEL — Load,  one-half  of  that  of  average  draught  horse ;  best 
Telocity,  the  same  with  horse ;  work,  one-hal£ 

As& — ^Load,  one  quarter  of  that  of  average  draught  horse ;  best 
velocity,  the  same ;  work,  one  quarter. 

90.  Hotm  csiB« — ^In  this  machine,  as  is  shown  by  line  3,  a  horse 
works  less  advantageously  than  in  drawing  a  carriage  along  a 
strai^t  track.  In  order  that  the  best  possible  results  may  be 
realized  with  a  horse  gin,  the  diameter  of  the  circular  track  in 
which  the  horse  walks  should  not  be  less  than  about  forty  feet 

91.  Traad  Wheela  §»  Motms  and  Oxen  have  been  USed,  each 
consisting  of  a  plane  circular  platform,  rotating  aboiit  an  axis 
somewhat  inclined  to  the  vertical,  and  ribbed  to  prevent  the  feet  of 
the  aTiiTni!.]  from  slipping.  The  animal  walks  continually  up  the- 
slope  of  the  platform  at  or  near  one  end  of  the  horizontal  diameter, 
and  by  its  weight  causes  the  platform  to  rotate  against  a  resistance. 
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PART  IL 

OF  WATER  POWER  AlO)  WIND   POWER. 


CHAPTER  L 
Gr  80US0BS  aw  water  fob  poweb. 

92.  Name  mt  ••■km  %m  GemtamL — The  original  souroe  of  water 
power  is  the  solar  heat,  which  evaporates  liquid  water  from  the 
suifaoe  of  the  earth  and  sea.  The  vapour,  condensing  in  the  upper 
and  colder  regions  of  the  atmosphere,  falls  as  rain,  and  forms 
streams,  whose  waters,  in  descending  firom  a  high  to  a  low  level, 
exert  energy  equal  to  the  product  of  the  weight  of  water  which 
descends  into  the  height  through  which  it  descends.  In  the  natural 
condition  of  a  stream,  the  whole  of  the  energy  due  to  the  descent 
of  its  waters  is  employed  in  wearing  and  carrying  away  the 
materials  of  its  bed,  and  in  producing  heat  by  friction;  but  by 
proper  management,  a  part  of  that  energy  can  be  made  available  to 
overcome  the  resistance  of  machines. 

The  art  of  collecting  and  distributing,  for  useful  purposes,  the 
rain-&Il  of  a  district, — of  planning  and  niaJdng  reservoirs  for  storing 
part  of  it  in  seasons  of  flood,  in  order  to  supply  its  deficiency  in 
seasons  of  drought,  and  of  adapting  natural  lakes  to  answer  the  same 
purposes — ^the  art  of  preserving  and  improving  the  natural  channels 
in  which  it  flows,  and  of  planning  and  making  artificial  channels, 
constitute  a  great  and  important  branch  of  civil  engineering,  and 
cannot  be  considered  within  the  limits  of  the  present  treatise,  whose 
object,  as  applied  to  water  power,  is  to  set  forth  the  principles  and 
the  mode  of  action  of  those  engines  which  render  that  power  avail- 
able when  a  convenient  source  has  been  obtained;  that  is  to  say, 
a  stream,  discharging  a  given  quantity  of  water  per  second,  and 
having  a  given  verti^  descent  within  a  convenient  distance.  Such 
a  combination  of  circumstances  makes  a  ''  mill  site"  or  ^  fall.'' 

93.  p«w«r  •f  A  Van  •f  Water— sacteacy. — ^The  gross  power  of  a 
fell  of  water  is  the  product  of  the  voeight  of  water  discharged  in  a 
given  unit  of  time  (such  as  a  second,  or  a  minute),  into  uie  total 
li/ead;  that  ia,  the  difference  of  vertical  elevation  of  the  v/jpfter  swrface 
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ofikt  waier  at  the  points  where  the  fall  in  question  begins  and  ends. 
To  express  this  in  symbols,  let 

Q  be  the  flow,  or  volume  of  water  discharged,  in  cubic  feet  per 
second; 

D,  the  weight  of  a  cubic  foot  of  water,  in  lbs.,  =  62*4  lbs.,  nearly; 

H,  the  toted  head;  then 

DQH (1.) 

is  the  gross  power ^  in  foot-lbs.  per  second;  which  being  divided  by 
550,  gives  the  gross  horse-power. 

There  is  in  every  case  a  certain  loss  of  head  arising  from  the  waste 
of  energy  in  various  ways  to  be  afterwards  mentioned.  That  waste 
can  usually  be  computed  in  the  form  of  a  certain  fraction  of  the  whole 
energy  exerted;  let  k  denote  that  fraction;  then  the  effective  power, 
in  foot-lbs.  per  second,  is 

(1-A)DQH; (2.) 

and  the  efficiency  is 

1  -  ^; (3.) 

A;  H  is  called  the  loss  of  head,  and  (1  -  ^)  H  the  effective  head, 

94.  Bleasaremeiit  •€  a  Smwce  •£  Water  P«wcr. — Two  things  are 
to  be  measured  about  a  fall  of  water,  the  head  H,  and  the  flow  Q. 
The  head  is  measured  by  the  ordinary  operation  of  levelling.  The 
flow  is  measured  by  difierent  methods,  according  to  circumstances. 

I.  In  large  streams,  the  flow  can  in  general  be  only  measured 
directly;  that  is,  by  finding  the  area  of  cross-section  of  the  stream, 
rAcasuring  by  suitable  instruments  the  velocities  of  the  current,  at 
various  points  in  that  cross-section ;  taking  the  mean  of  these 
velocities,  and  mtdtiplying  it  by  the  sectional  area.  The  most 
convenient  instrument  for  such  measurements  of  velocity  is  a  small 
light  revolving  fan,  on  whose  axis  there  is  a  screw,  which  drives  a 
train  of  wheel  work,  carrying  indexes  that  record  the  number  of 
revolutions  made  in  a  given  time.  The  whole  apparatus  is  fixed  at 
the  end  of  a  pole,  so  that  it  can  be  immersed  to  difierent  depths  in 
difierent  parts  of  the  channel  The  relation  between  the  number 
of  revolutions  of  the  fan  per  minute,  and  the  corresponding  velocity 
of  the  current,  should  be  determined  expeiimentally,  by  moving  the 
instrument  with  difierent  known  velocities  through  a  piece  of  still 
water,  and  noting  the  revolutions  of  the  fan  in  a  given  time. 

II.  When  from  the  want  of  the  proper  instrument,  or  any  other 
cause,  the  velocity  of  the  current  cannot  be  measured  at  various 
points,  the  velocity  of  its  swiftest  part,  which  is  at  the  middle  of  the 
sur£EU^  of  the  stream,  may  be  measured  by  observing  the  motions  of 
any  convenient  body  £oatijg  down.     Let  this  greatest  velocity  in 
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feet  per  second  be  denoted  by  T;  then  according  to  an  empirical 
fonnula  of  Prony's,  the  mean  Telocity  is 


»  =  V 


7-71  +  V 
10-28  +  V 


.(1.) 


ill.  When  the  stream  is  so  small  that  it  is  practicable  to  make 
across  it  a  temporary  weir,  such  a  weir  is  to  be  made,  care  being 
taken  that  it  shall  be  perfectly  water  tight  at  every  point  except 
the  outlet  through  which  the  whole  flow  of  the  stream  is  to  pass. 
The  site  ought  to  be  chosen  with  a  view  to  the  tightness  and 
security  of  the  weir;  and  the  channel  of  the  stream  immediately 
below  the  weir  should  be  straight,  in  order  that  the  rapid  current 
rushing  from  the  outlet  may  not  injure  the  banks. 

The  outlet  should  be  a  notch  or  depression  in  the  upper  edge  of  a 
vertical  board ;  hence  weirs  of  this  class  are  called  notch  boards.  In 
fig.  24,  A  repre- 
sents a  front  view, 
and  B  a  vertical 
section,  of  a  notch 
board  with  a  rec- 
tangular notcL 

The  sides  and 
bottom  of  the 
notch  should  be 
chamfered  to  a  fine  edge,  with  a  vertical  surface  opposed  to  the 
water  in  the  pond  above  the  weir,  as  shown  in  the  section  B;  and 
the  better  to  fulfil  this  condition,  the  notch  may  be  edged  all  round 
with  thin  sheet  iron.  The  object  of  this  is,  to  prevent  as  far  as 
possible  the  friction  and  cohesion  between  the  water  and  the  edge 
of  the  notch  from  interfering  with  the  result. 

A  vertical  scale,  divided  into  feet  and  decimals,  and  having  its 
zero  at  the  level  of  the  lower  edge  of  the  notch,  is  to  be  placed  in 
the  pond  above  the  notch  board,  at  some  point  where  the  water  is 
either  sensibly  still,  or  has  a  very  slow  motion  only;  and  the  height 
at  which  the  surface  of  the  water  stands  on  that  scale  is  to  be  noted 
from  time  to  time. 

Let  h  be  that  height,  in  feet;  let  b  be  the  breadth  of  the  notch, 
also  in  feet.  Then  the  flow,  in  cubic  feet  per  second,  is  given  by  the 
formula 

Q^^'bhJT^h; (1.) 


Fig.  24. 


2 g  being  64*4,  and  ,J  2gh  the  velocity  due  to  the  height  h;  while 
c  is  a  fraction  called  the  co-efficient  of  contraction,  expressing  the 
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ratio  which  the  sectional  area  of  the  mo8t  contracted  part  of  the  jet 
or  cascade  flowing  from  the  notch  bears  to  the  area  of  the  rectangle 
b  h. 

The  above  formnla  may  also  be  expressed  as  follows  : — 

Q  =  5-35  c  h  hi ♦(2.) 

It  is  advisable  that  the  breadth  of  the  notch  should  not  be  less 
than  one-fourth  of  that  of  the  weir.  It  may  have  any  convenient 
breadth  from  that  amount  up  to  the  entire  width  of  the  weir. 

The  values  of  the  co-efficient  of  contraction  are — 

For  a  notch  of  J  of  the  width  of  the  weir, '595 

For  a  notch  of  the  whole  width  of  the  weir, '667 

and  for  intermediate  proportions,  the  following  empirical  formula  is 
very  nearly  correct : — 

''  =  «-^^^TO' <3) 

B  being  the  breadth  of  the  weir. 

When  the  velocity  of  the  current  at  the  point  where  the  veitical 
scale  stands  is  too  large  to  be  neglected,  let  i^o  denote  that  velocity 
(called  the  vdocUy  of  a/pproacK),  and 

the  height  due  to  it.  Then,  according  to  Mr.  Neville's  wori  on 
Hydraulics,  the  flow  is  the  difierence  between  that  from  a  still  pond 
due  to  the  height  A  +  ^  and  that  due  to  the  height  Aoi  so  that  it 
is  given  by  the  formida 

Q  =  5-35  eh{{h-^  h^)%  ~  h^i] (4.) 

When  Vq  cannot  be  directly  measured,  it  can  be  c(»nputed  approxi- 
mately by  taking  an  approximate  value  of  Q  from  equation  %  and 
dividing  by  the  sectioned  area  of  the  channel  at  the  place  where  the 
scale  stands. 

Table  op  Values  of  c  and  5*35  e, 

^, i-o        o-p      0-8      07      0-6      0*5      0*4      0-3      0-25 

c, -667      ^66      -65      -64      -63      -62      -61      -60      '595 

5-35<J,  3'57      353    3*48    3-42    337    332    326    3-21    318 

*  AI  b  easily  computed,  as  follows,  by  the  aid  of  an  ordinary  table  of  squares  and 
cabes : — Look  in  the  oolomn  of  sqoares  for  the  nearest  sqoare  to  Ar-then  opposite,  in 
the  oolomn  of  cubes,  will  be  an  approximate  vaina  of  k\*    m^Q(^  by  VjOOg  LC 
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IV.  Besides  the  variations  in  the  oo-efficient  of  contraction 
already  stated,  which  d^>end  on  the  iwoportion  between  the 
breadths  of  the  weir  and  of  the  notch,  there  are  other  variations 
which  have  been  reduced  to  no  general  law,  depending  on  the 
proportions  of  the  dimensions  of  the  notch  to  ^koh  other. 

To  avoid  this  inconvenience^ 
Professor  Thomson  of  Bel- 
£su3t  has  adopted  a  form  of 
notch  in  which  the  section  of 
the  issuing  jet  is  always  of  a 
similar  figure— that  is  to  say, 
a  triangle  with  the  apex  down- 
wards,  as  in  fig.  25.  '*•  **• 

Let  h  be  the  depth,  in  feet,  of  the  apex  of  the  notch  below  tibe 
sor&ce  of  still  water  in  the  po^,  h  the  breadth  of  the  notch  at  the 
level  of  the  ewfaoe  of  still  tecUer;  then  the  area  of  the  triangle 
bounded  by  that  level  and  ihe  edges  of  the  notdi  ia  ^bh;  and 
i^ieory  gives  for  the  discharge  in  cubic  feet  per  seoond — 

Q  =  ?|-^../2?r; (5.) 

lir.  Thomson's  experiments,  made  for  the  British  Ajasodation^ 
give  for  the  oo-efficient  of  contraction — 

when  6  =  2  *>  c  =  -595; )  .^  v 

when  6  =  4  ^  c  =  -620;  j  ^  '^ 

and  consequently  for  the  discharge^ 


=  2A,Q  =  2-54M;1  ... 

=  ih,q  =  53hi.  i ^  ^^ 


when  h  =  2hyQ  =  2-54  W; 
when  b 


V.  Instead  of  an  open  notch  in  the  top  of  a  weir  board,  there 
may  be  an  or^lcey  or  a  row  of  orificeSy  wholly  beneath  the  level  of 
the  water  in  the  pond.  In  that  case,  on  account  of  the  variations 
in  the  co-efficient  of  contraction  whi<di  occur  when  the  orifice  has 
Tarious  proportions  of  length  to  breadth,  and  also  when  the  ratio 
of  the  head  of  water  above  the  orifice  to  the  breadth  of  the  orifice 
varies,  it  is  desirable  to  select  such  forms  and  proportions  as  shall 
give  rise  to  the  smallest  variations.  For  that  purpose  the  orifices 
should  be  made  either  agua/re  or  circula/r ;  and  their  size  should  be 
such  that  the  height  of  the  surface  of  still  water  in  the  pond  shall 
not  be  less  at  any  time  than  three  times  the  diameter  of  an  ori- 
fice.    These  conditions  being  fulfilled,  let  A  be  the^-area  of  an 
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orifice,  h  the  depth  of  its  centre  below  the  upper  surface  of  still 
water ;  then  the  flow  through  it  in  cubic  feet  per  second  is 

Q  =  c  A  Jfjh; (9.) 

the  values  of  c  being — 

For  round  orifices, o'6i8 

For  square  orifices, 0*6 

and  the  values  of  c  tJYg  =  8*025  o — 

For  round  orifices, 4'96 

For  square  orifices, 4'^i5 

No  very  serious  error  will  be  incurred  by  using  these  oo-effidents, 
even  when  the  height  h  &lls  to  double  the  diameter  of  the  orifice. 

VL  When  the  edge  of  an  orifice  partly  coincides  with  the  bor- 
der of  the  channel  by  which  the  water  is  brought  to  it,  so  that  the 
water  is  partially  gmded  in  a  straight  course  towards  the  orifice, 
the  case  is  called  one  of  pofrtial  contraction;  and  in  computing  the 
discharge,  instead  of  the  coefficient  c,  there  is  to  be  employed — 

c  +  009  w; (10.) 

n  being  the  fraction  of  the  edge  of  the  orifice  which  coincides  with 
the  border  of  the  channel  This  formula  is  Mr.  Keville*s,  and  is 
shown  by  him  to  be  sensibly  correct  when  n  is  any  fraction  not 
exceeding  |. 
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CHAPTER  IL 

OF  WATER  POWER  ENGINES  IN  OENERAL. 

95.  P«M»  Midi  ArpeadsfM  •€  Water  P«wer  BBgiaM. — In  eyeij 
water  power  engine,  or  in  connection  with  it,  there  exist  the  fol- 
lowing parts,  or  parts  equivalent  to  them  : — 

L  The  CHANNEL  OF  SUPPLY,  or  HEAD  RACE,  wherebj  water  is 
brought  to  the  engine,  and  which  extends  from  the  beginning  of 
the  fidl  to  the  place  where  the  water  begins  to  act  on  the  mecha- 
nism. It  may  be  an  open  conduit,  or  a  close  pipe,  or  a  combina- 
tion of  both.  Economy  of  power  requires  that  it  should  be  as  large 
as  possible  t  economy  of  first  cost  that  it  should  be  as  small  as 
possible.  The  right  mean  is  a  matter  for  the  judgment  of  the 
engineer  in  each  particular  case.  This  channel  usually  commences 
at  a  head  reservoir  or  pond,  and  the  lower  end  of  it  is  sometimes 
of  such  dimensions  as  to  constitute  a  second  reservoir  or  pentstack. 
The  lower  end  of  the  supply  channel  is  of  various  kinds  and  forms 
according  to  the  nature  of  the  engine. 

n.  The  WASTE  CHANNEL,  or  BYE  WASH,  whereby  any  flow  of 
water  which  is  in  excess  of  that  required  for  the  stream,  and  which 
there  is  not  reservoir  room  to  store,  is  discharged  into  the  natural 
drainage  channels  of  the  country.  This  generally  commences  with 
a  weir  or  overfisdl  forming  part  of  the  boundary  of  a  reservoir,  and 
of  such  length  that  the  greatest  possible  flow  of  waste  water  can 
wxpe  over  it  without  rising  to  a  dangerous  or  inconvenient  height 

in.  The  REGULATOR,  being  the  sluice,  valve,  or  other  apparatus 
whereby  the  flow  of  water  delivered  by  the  head  race  to  the  engine 
iB  adjusted  to  the  work  to  be  performed.  For  reasons  which  will 
afterwards  appear,  economy  of  power  requires  that  the  regulator 
should  be  as  close  as  possible  to  the  engine,  and  therefore  at  the 
lower  end  of  the  channel  of  supply.  The  regulator  is  very  fre- 
quently controlled  by  a  governor,  usually  of  the  revolving  pendulum 
class  (Art  55),  of  which  the  details  will  be  exemplified  £eurther  on. 

rV.  The  ENGINE  PROPER,  being  the  machine  to  which  the  water 
transmits  energy. 

y .  The  TAIL  RACE,  by  which  the  water  is  discharged  after  having 
driven  the  engine,  and  which  terminates  at  the  bottom  of  the  falL 
The  same  principles  of  economy  of  power  and  economy  of  cpst 
apply  to  this  as  to  the  head  race.  Digitized  by  CjOOg Ic 
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96.  The  CUmms  •f  water  P«wer  EnglBM  are  : — 

L  "Water-bucket  engines,  in  which  water,  poured  into  sus- 
pended buckets,  causes  them  to  descend  vertically,  and  so  to  lift 
loads  or  overcome  other  resistance,  as  in  certain  hydraulic  hoists. 

II.  Water-pressure  engines,  in  which  water  by  its  pressure 
drives  a  piston. 

III.  Vertical  water  wheels,  being  wheels  rotating  in  a  verti- 
cal plane,  and  driven  by  the  weight  and  impulse  of  water.  These 
are  the  most  common  of  all  water  power  engines. 

rV.  Horizontal  watqi  wheels,  cmt  turbines,  being  vdieels 
rotating  in  a  horizontal  plane,  and  driven  by  the  pressure  and 
impulse  of  water. 

Y.  Rams  and  jet  pxtmps,  in  which  the  impulse  of  one  mass  of 
fluid  is  used  to  drive  another. 

97.  Water  P«w«r  ITagi^ri  wilh  JkitMctal  Smmcm. — ^The  smooth- 
ness and  steadiness  of  motion,  and  some  other  advantages  of  water 
power  engines,  sometimes  occasion  the  use  of  machines  exactly 
resembling  them  in  everything,  except  that  the  flow  and  head  of 
water  are  produced  artiflcially----for  example,  by  pumps  worked  by 
hand,  as  in  the  oommon  hydraulic  press,  or  by  pumps  worked  by 
steam,  as  in  some  hydraulic  hoists  and  cranes,  and  in  some  water 
\vheds  for  driving  flne  manufacturing  machinery,  which  are  sup- 
plied by  pumping  steam  engines. 

Such  machines  are  not,  properly  speaking,  prime  movera  for 
obtaining  energy  from  natural  sources,  but  ra^er  pieces  of  mecha- 
nism for  transmitting  and  conveniently  applying  energy  already 
obtained  by  means  of  other  prime  movers.  The  identity  of  their 
construction  and  action,  however,  with  those  of  true  water  power 
engines,  renders  it  advisable  to  consider  them  in  the  present 
treatise. 

98.  F«ni  Ammm^  m  Bmist  •f  FiOl  {A.  M.,  619-621).— 
Let  a  continuous  and  uniform  stream,  whose  volume  of  flow  is  Q 
cubic  feet  per  second,  and  weight  of  flow  D  Q  lbs.  per  second, 
descend  from  the  height  or  head  of  H  feet  to  a  given  point  of  dis- 
charge. That  stream  is  capable  of  performing  work,  by  the  direct 
action  of  its  weight  in  descending,  to  the  amount  of 

D  Q  H  fL-lbs.  per  second. (1.) 

Kow  suppose  that  from  the  original  elevation  H  of  the  upper 
0aifaoe  of  the  stream,  down  to  a  point  whose  elevation  above  the 
bottom  of  the  fall  is  z  feet,  the  descent  of  the  water  takes  {dace 
imthoul  resistance.  It  will  at  the  latter  point  possess  the  power  of 
performing  work  by  its  vseigkt  to  the  amount  of 


D  Q  «  fb.-lbe.  per  second  onl^,^,,^,yGoogl^) 
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but  supposing  the  source  to  be  a  reservoir,  where  the  Telocity  is 
insensible,  the  stream  will  now  by  its  free  descent  through  the 
bteight  H— «,  have  acquired  the  velocity — 


r=  V2^(H-^); (3.) 

80  that,  before  being  brought  back  to  an  insensible  velocity,  it  is 
capable,  by  impulse,  of  |>edbrming  the  additional  work  due  to  its 
actual  CTiergy,  viz. : — 

5^  =  DQ  (H-«)  ft.-lba  per  second, (4.) 

which  being  added  to  the  quantity  of  work  in  the  expression  2, 
reproduces  I)  Q  H,  the  total  original  power. 

Next,  let  the  stream  be  supposed  to  descend,  in  a  dose  pipe  so 
large  that,  the  velocity  of  current  is  still  insensible,  from  the  ori- 
gii:^  head  H  to  the  less  elevation  z  above  the  bottom  of  the  falL 
Then,  as  in  the  last  example,  equation  2,  the  stream  will  at  the 
latter  point  possess  the  power  of  performing  D  Q «  fL-lbe.  per 
second  only  of  work  by  its  weight;  but  its  preaaure  will  have 
become,  in  lbs.  on  the  square  foot — 

p  =  D(K-^z); (5.) 

and  BT  MEAira  of  its  fbessube  the  stream  will  be  capable  of  per- 
forming work  to  the  amoimt  of 

;)  Q  =  D  Q  (H  -a?)  ft.-lbs.  per  second, (6.) 

which  being  added  to  the  quantity  of  work  in  equation  2,  repro- 
duces the  total  original  power  D  Q  H,  as  before. 

It  appears,  then,  that  if  it  were  possible  for  a  stream  to  descend 
absolutely  without  resistance  from  the  elevation  H  to  any  less 
elevation  above  the  bottom  of  the  fall,  and  if  the  pressure  at  the 
latter  elevation  were  p  lbs.  on  the  square  foot,  and  the  velocity  v 
feet  per  second,  the  power  or  en^gy  per  second  at  that  elevation^ 
being  equal  to  the  original  power,  would  be  expressed  by 

q(p  +  Dz  +  ^=3QH; (7.) 

or,  if  the  height  due  to  thepreseure  be  denoted  by^  •^  D — 

^q(*+^+s)=^Q=- <^) 

In  this  eajwewion,  ^'Q '^^^  by  Google 
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D  Q  (z4-  ^\  ^  P^^^^"^^^^  energy,  or  capacity  for  perform- 
^\       3/         ing  work  hy  weight  and  pressoie.  I  /q  v 

jy  Q ,  J^    aetual  energy,  op  capacity  for  peifonning  work 
2^        by  impulse. 

The  following  equation : — 

*  +  S  +  D  =  ^' <i<^> 

shows,  that  at  a  given  elevation  z,  where  the  velocity  of  the  stream 
is  V,  and  the  pressure  p,  there  is. 

Besides  the  actual  head  z, 

A  virtual  head,  composed  of— 

The  height  due  to  the  velocity,  v^-i-2g, 
And  the  height  due  to  the  pressure,  ^  -^  B, 

making  together  a  total  head,  which,  if  the  stream  has  descended 
without  resistance,  is  equal  to  the  original  head  H. 

Throughout  this  Article,  and  the  present  Part  of  the  treatise, 
when  not  otherwise  specified,  preseiMre  is  nsed  to  mean,  the  eoocesa  of 
thepresnure  o/the  water  above  tfiat  of  the  atmosphere, 

99.  i<Ms  mt  Bend  is  the  form  in  which  the  effect  of  waste  of 
energy  in  the  stream  of  water  during  itB  descent  is  most  con- 
veniently expressed.  It  may  be  denoted  in  the  form  of  a  certain 
fraction  of  the  total  head — 

and  then 

H-A  =  (1-A0H (1.) 

will  be  the  avaUahle  head; 

BQ(H-A)=(1-A0BQH, (2.) 

the  available  povoer,  or  the  energy  exerted  per  second  by  the  fidl  on 
the  engine;  and 

l-k  =  ^, (3.) 

the  effidmcy  ofthefaU. 

If,  in  the  working  of  the  engine,  there  is  a  further  waste  of  the 
fraction  V  of  the  energy  exerted  on  it,  so  that  the  ueefid  effect  is 


(1  ^jf)  (i«^^  D  Q  H,..g;ifi?.^Qf?:^l^) 
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tlien  1  — ifc"  ifi  the  ^JUimey  of  the  fMAanisfn^  and 

(1-i^  (1  -*')  =  1  -*  (as  in  Article  93) (5.) 

the  remtJUcmt  efficiency  of  the  fall  and  engine  combined. 

The  oauses  of  loes  of  head  are,  the  ydodly  of  the  ciinent  in  the 
tail  race,  and  fluid  friction. 

L  Current  in  the  tail  race. — ^If  t/  be  the  Telocity  with  which  the 
stream  is  discharged  along  the  tail  race,  there  must  be  a  descent  of 
o'^-r2^  to  produce  that  Telocity,  which  descent  is  a  loss  of  head. 
Hence,  as  stated  in  Article  95,  the  tail  race  should  be  as  laige  as 
is  consistent  with  due  econolny  of  first  cost 

IL  Friction  of  poseagee  cmd  chmmde  in  general, — ^Let  A  be  the 
sectional  area  of  any  passage  or  channel  along  which  the  stream  is 
conyeyed^  then 

*=i («•) 

is  the  mean  Telocity  of  the  current  through  it 

The  loss  of  head  from  friction  is  expressed  by  the  following 
general  formula : — 

"t,- c) 

that  is,  the  product  of  the  height  due  to  the  yelociiy  by  e,  factor  of 
resistance  F,  whose  Talue  depends  mainly  on  the  nature,  form^  and 
dimensions  of  the  passage. 

The  friction  takes  effect  in  open  channels  by  producing  a  decli- 
yity  of  the  surface  and  a  loss  of  actual  head;  in  a  close  pipe  it 
takes  effect  by  dimiTiishing  the  pressure,  and  the  Tirtual  head  due 
to  it 

A  few  Talues  of  the  factor  denoted  by  F  haTC  already  been  giTcn 
in  Article  50,  under  the  head  of  "  Pump  Brakes."  They  will  now 
be  repeated  in  greater  detail,  and  with  seTeral  additions. 

llL  FricUon  of  an  orifice  in  a  thin  plate: — 

F  =  0054 (8.) 

rV.  Friction  of  mouthpieces  or  entrances  from  reservoirs  into 
pipes. — Straight  cylindiiod  mouthpiece,  perpendicular  to  side  of 
reservoir: — 

F  =  0-505 (9.) 

The  same  mouthpiece  making  the  angle  t  with  a  perpendicular 
to  the  side  of  the  reservoir : — 

F  =  0-505  +  0-303  sin  i  +  0-226  sin*  lQ9.9^.) 
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For  a  mouthpiece  of  the  form  of  the  "  contracted  vein,"  that  is, 
one  of  such  a  form,  that  if  c?  be  its  diameter  on  leaving  the  reser- 
voir, then  at  a  distance  d-^2  fix)m  the  side  of  the  reservoir  it  con- 
tracts to  the  diameter  *78d4  d, — ^the  resistance  is  insensible^  and 
F  nearly  =  0. 

V.  Friction  aJb  atidden  enlargemerUs, — Let  A  be  the  sectional 
area  of  a  channel,  in  which  a  sluice,  or  slide  valve,  or  some  such 
oljeet^  produces  a  sudden  contraction  to  the  smaller  area  a,  fol- 
lowed by  a  sudden  enlargement  back  again  to  the  original  area  A. 
Let  V  =  Q  ~  A  be  the  v^ocity  in  the  enlarged  part  of  the  channd. 
The  effective  area  of  the  <»rifice  a  will  be  c  a,  c  being  a  co-efficient  of 

coniraction  whose  value  may  be  taken  at  -618  -f-  a/  1  —  -618  ~. 

Let  the  ratio  in  which  the  channel  is  suddenly  enlarged  be  denoted 

m  =  A  +  c  a  =  a/ (2-618^*  ^  1-618) (11.) 

Then  m  v  is  the  velocity  in  the  most  oontracted  pari  It  appears 
that  all  the  energy  due  to  the  difference  of  the  velocities,  «*  v  and  t?, 
is  expended  in  fluid  Motion,  ai^  consequently  that  there  is  a  loss 
of  head  given  by  the  formula — 

('»-i)'-^; (12.) 

SO  that  in  this  case 

F  =  (m- 1)2 ^12  A.) 

VL  Friction  in  pipes  a/nd  condmta. — Let  A  be  the  sectional  area 
of  a  channel;  h  its  border,  that  is,  the  length  of  that  part  of  its 
girth  which  is  in  contact  with  the  water;  I  the  length  of  tlie  chan- 
nel; then,  for  the  firiction  between  the  water  and  the  sides  of  the 
diannel — 

P=/x; (13-) 

in  which  the  co-efficient /hsis  the  following  values : — 
For  iron  pipes  {d  =  diam.  in  feet),/=  0-005 (l  +  T^li^^) 

For  open  conduits,...../ =  0  00741  +^^— (15.) 

A 

The  ratio  —  is  called  the  ^^hydrmtlic  meom  depQ^^^  of  the  channel,  and 

for  cylindrical  and  square  pipes  running  full  is  obviously  (m$-f<ywrth 
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of  the  diameter ;  and  the  same  is  its  value  for  a  semi-cylindrical  open 
conduit,  and  for  an  open  conduit  i^hose  sides  are  tangents  to  a  semi- 
circle of  a  diameter  equal  to  twice  the  greatest  depth  of  the  conduit. 
In  an  open  conduit,  the  loss  of  head — 

*- T-    2-g' •<^*-) 

takes  place  as  an  actual  Ml  in  the  surface  of  the  water,  prodncuig 
a  dediyiiy  at  the  rate — 

^  =-^  .  ^  ; (17.) 

and  by  the  last  two  formulsd  are  to  be  determined  the  &11  and  the 
rate  of  declivity  of  open  head  races  and  tail  races  of  given  dimen- 
sions, which  are  to  convey  a  given  flow.  In  close  pipes,  the  loss  of 
head  takes  place  in  the  virtual  head  due  to  the  pressure. 

VIL  For  bends  in  circtdar  pipes,  let  d  be  the  diameter  of  the 
pipe,  r  the  radius  of  curvature  of  its  centre  line  at  the  bend,  i  the 
angle  through  which  it  is  bent,  ^  two  right  angles ;  then,  according 
to  Professor  Weisbach — 

P  =1{ 0131  + 1847  (^)*}...„ (18.) 

VIIL  For  bends  in  rectangular  jnpes : — 

P  =  i  {  0124  +  3-104  (±y  } (19.) 

IX.  For  knees,  or  sharp  turns  in  pipes,  let  «  be  the  angle  made 
by  the  two  portions  of  the  pipe  at  the  knee ;  then 

F  =  0-946  sin«  5  +  2-05  sin*-^ (20.) 

X.  Sttfmmary  of  losses  of  liead, — Let  i/  be  the  velocity  of  the 
current  in  the  tail  race;  F  the  fector  of  resistance  for  the  tail  race; 
V  the  velocity  in  any  other  part  of  the  course  of  the  water;  F  the 
proper  factor  of  resistance  for  that  part  of  the  course;  then  the 
whole  loss  of  head  may  be  thus  expressed : — 

*  =  '(l  +  ^?,  +  2-Fg (21.) 

100.  The  Acci«B  •€  the  Water  mn  the  Engine  has  already  been 
distinguished,  in  Articles  96  and  98,  as  taking  place  in  three 
ways :— * 
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I.  Bj  weight 
•  •  Uf  JBj  pressure. 
'  III.  B7  impulse. 

Now,  in  all  those  three  modes  of  acting,  the  immedicUe  effort  by 
which  energy  is  exerted  by  the  water  on  the  engine  is  a  pressure 
between  a  certain  layer  of  the  water  and  the  surfisu^e  of  a  moving 
piece,  whether  a  bucket,  a  piston,  a  yane,  or  another  fluid  mass 
which  that  layer  of  water  drives  before  it;  and  the  original  cause  of 
that  effort  is  the  toeight  of  the  descending  stream.  The  distinction 
set  forth  arises  in  the  nature  of  the  process  whereby  the  weight 
causes  the  pressure. 

L  When  the  water  is  said  to  act  by  uoeighty  portions  of  it  are 
poured  into  buckets,  and  the  pressure  by  which  each  bucket  is 
driven  is  the  direct  effect  of,  and  simply  equal  to  the  weight  of  the 
water  contained  in  the  bucket,  and  acts  vertically  downwards,  its 
resultant  traversing  the  centre  of  gravity  of  the  mass  of  water  in 
the  bucket 

Waste  of  energy  may  occur  in  this  case  through  spilling  of  ihe 
water  from  the  buckets  during  their  descent,  or  through  the  remain- 
ing of  water  in  the  buckets  during  their  ascent  The  latter  cause 
of  waste  of  energy  ought  not  to  operate  to  any  sensible  amount 
in  a  well  designed  madiine.  The  former  ought  to  be  reduced  to 
as  small  an  amount  as  possible. 

IL  When  the  water  is  said  to  act  by  pressure,  the  pressure  which 
drives  the  piston  or  vane  acted  upon  is  not  simply  the  effect  of  the 
weight  of  a  poHion  of  water  descending  along  with  it,  but  is  the 
effect  of  the  weight  of  some  more  or  less  distant  mass  of  water 
transmitted  through  an  intervening  mass,  and  altered  to  any  ex- 
tent in  direction  and  in  the  velocity  of  its  action. 

IIL  When  the  water  is  said  to  act  by  impulse,  its  weight,  either 
directly,  or  through  intervening  pressure,  is  allowed  to  act  freely  to 
such  an  extent  as  to  produce  a  jet  or  current  of  a  certain  velocity, 
whose  particles,  coming  in  contact  with  a  float  board  or  vane,  or 
another  fluid  mass,  have  that  velocity  either  diminished  or  taken 
away;  and  during  that  operation  they  exert  a  pressure  against  the 
float  board  or  vane,  or  the  driven  mass  of  fluid,  proportional  to  the 
momentum  which  is  taken  away  firom  them  in  each  second. 
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CHAPTER  in. 

OF  WATER  BUCKET  ENGIKES. 

101.  The  Water  BackM  B«iatt  the  simplest  engine  driven  di- 
rectly by  the  weight  of  water^  is  frequently  used  for  raising  waggons 
of  coal  and  other  materials  to  an  elevated  platform.   It  consists  of — 

L  A  strong  timber  frame,  supporting  at  the  top  one  or  mor« 
large  pulleys. 

IL  A  chain  passing  over  the  pulleys. 

m.  A  cage  for  waggons,  hung  to  one  end  of  the  chain,  and 
moving  between  vertical  guides.  The  upper  and  lower  platforms, 
between  which  the  cage  travels,  should  be  provided  with  strong 
catches  to  fix  the  cage  ab  the  higher  and  lower  levels  when  required. 

lY.  A  water  bucket,  hung  to  the  other  end  of  the  chain,  usually 
moving  between  vertical  guides,  and  having  a  valve  in  the  bottom, 
opening  upwards,  for  discharging  the  water.  This  valve  may  be 
made  self-acting,  by  making  its  spindle  project  downwards,  below 
the  bottom  of  i£e  bucket,  so  that  when  die  bucket  has  finished  its 
descent,  the  spindle  may  strike  upon  a  floor  and  lift  the  valve ;  but 
in  some  cases  it  is  more  convenient  that  the  valve  should  be  opened 
by  hand.  Bectangular  wooden  buckets  are  used ;  but  for  lightness 
and  strength,  the  best  material  is  sheet  iron,  and  the  best  ^lape  a 
cylindrical  body  with  a  hemispherical  bottom. 

Y.  A  reservoir  and  spout  for  filling  the  bucket  when  it  is  at  the 
higher  level  The  valve  of  the  spout  may,  if  required,  be  made 
self-acting,  by  causing  it  to  be  opened  by  the  rising  and  shut  by  the 
falling  of  a  weighted  lever,  which  is  lifted  by  the  edge  of  the 
bucket  when  it  reaches  the  top  of  its  ascent,  held  up  until  the  bucket 
is  full,  and  allowed  to  drop  when  the  bucket  begins  to  descend. 

YI.  A  drain  or  tail  race,  to  cany  away  the  water  discharged 
from  the  bucket  at  the  lower  level. 

YII.  A  brake,  which  may  be  applied  to  one  of  the  pulley& 

It  is  advisable,  for  safety's  sake,  in  most  cases,  to  enclose  the 
course  of  the  cage  and  that  of  the  bucket  in  light  wooden  casings. 

The  weight  of  the  tmloaded  cage  ought  to  be  somewhat  in  excess 
of  that  of  the  empty  bucket,  added  to  the  friction  of  the  machine 
when  unloaded. 

The  weight  of  the  full  bucket  ought  to  be  somewhat  in  excess  of 
that  of  the  loaded  cage,  added  to  the  friction  of  the  machine  when 
loaded. 
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The  fiiction  is  from  one-tenth  to  one-twentieth  of  the  gross  load. 

In  order  thab  the  weight  of  the  chain  may  always  be  balanced, 
two  pieces  of  chain  with  their  lower  ends  lying  loose  on  the  ground 
are  himg,  the  one  from  the  bottom  of  the  cage,  and  the  other  from 
the  bottom  of  the  bucket. 

The  bucket  hoist  is  a  bulky  and  heavy  machine,  and  slow  in  its 
operation ;  but  from  its  great  simplicity,  it  is  easy  to  make,  main- 
tain, and  manage,  and  very  durable.  Its  reservoir  may  be  sup- 
plied by  a  natural  source,  where  cme  is  available ;  in  other  cases, 
water  may  be  raised  to  it  by  a  pump  worked  by  a  steam  engine. 
The  latter  combination  is  a  good  means  of  eccmomizing  power  when 
heavy  loads  have  to  be  Hfted  during  short  tiHies  and  at  distant 
intervals.  During  the  intervals  when  the  hoist  is  standing  idle, 
the  steam  engine  is  still  storing  energy  by  pumping  water  into  the 
reservmr;  so  the  work  performed  by  the  hoist  during  a  few  hours 
of  each  day  may  be  distributed,  so  far  as  the  exertion  of  energy  by 
the  steam  engine  is  concerned,  over  the  whole  twenty-four  hours ; 
and  a  steam  engine,  quite  inadequate  to  lift  the  load  to  be  raised 
directly^  may  thus  be  made  to  perform  the  whole  work  easily  by 
the  intervention  of  the  reservoir  and  hoist  as  means  of  storing  and 
restoring  energy. 

102.  i<Ms  •f  Head  ta  Backot  Baiats. — ^The  actual  eneigy  with 
widch  the  water  runs  from  the  reservoir  into  the  bucket,  and  from 
the  bucket  into  the  tail  race,  is  whoUy  wasted  in  fluid  friction. 
Therefore  in  every  bucket  engine,  besides  the  fall  of  the  tail  race, 
there  is  a  loss  of  head  equal  to  the  height  of  the  surface  of  the 
water  in  the  reservoir  above  the  highest  level  of  the  sur&ce  of  the 
water  in  the  bucket,  added  to  the  height  of  the  surface  of  the  water 
in  the  bucket  when  at  the  bottom  of  its  stroke  above  the  surface  of 
the  water  in  the  tail  race ;  that  is,  the  depth  of  the  bucket  at  least 
In  other  words,  while  the  total  head  is  the  elevation  of  the  top 
water  of  the  reservoir  above  the  outfall  of  the  tail  race,  the  avadl- 
cibile  head  is  the  height  through  which  the  bucket  descends  only. 

103.  A  Bmribie  Acttfig  llnckM  Eagtae  has  sometimes  been  used, 
consisting  of  a  balanced  beam,  having  a  pair  of  equal  and  similar 
buckets  hung  to  its  two  ends,  which  rise  and  fall  alternately.  Each 
bucket,  on  arriving  at  the  top  of  its  stroke,  is  filled  with  water  by 
a  spout  from  a  reservoir,  with  a  valve  which  is  opened  and  closed 
by  the  mechanism.  On  arriving  at  the  bottom  of  its  stroke,  each 
bucket  is  emptied  through  a  self-acting  valve  in  its  bottom  into  the 
tail  race.  Thus,  as  in  the  bucket  hoist,  the  buckets  descend  full 
and  ascend  emp^;  and  the  energy  due  to  the  descent  of  the  water 
in  them  is  employed  to  work  pumps,  or  otherwise. 

The  chief  advantage  of  this  kind  of  machine  is  its  adaptation  to 
regions  where  only  rude  workmanship  can  be  obtained. 
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CHAPTEBIV. 

or    WATIB    PRE8BUSB    X2raiVE& 

SECTioir  1. — General  PrmdpleB, 

104.  FttMi  mi  m  Waiv  fimimi  Bustee. — In  a  watmr  preBsore 
engme,  the  seTeral  prind^pal  parts  mentioned  in  Article  95  as  be- 
l<mging  to  water  power  engines  in  general,  take  fonna  suited  to 
that  dbass  oi  engine. 

L  The  head  rctee  consists  of  a  sttpply  pipe  leading  from  a  reser- 
voir to  the  wooing  cylinder.  That  pipe,  together  with  the  reser- 
voir, ccMistitute  what  is  called  the  pressure  coiumn.  Besides  the 
r<^iilator,  to  be  presently  mentioned,  there  should  be  a  stop  valve 
or  ^vice  at  the  npp^  end  of  the  supply  ppe,  in  or  dose  to  the 
reservoir,  so  that  in  the  event  of  an  accident  occurring  to  the  supply 
pipe,  the  current  of  water  may  be  prev^ited  from  entering  it. 
Thare  should  also  be  a  grating  to  prevent  the  entrance  of  solid 
bodies  from  the  resarvoir. 

All  water  contains  air  diffused  through  it,  and  most  water  con- 
tains sediment.  If  there  are  summits  and  hollows  in  the  course  of 
the  supply  pipe  (which  is  often  of  great  length),  the  air  collects  at 
the  former  and  the  sediment  at  the  latter.  There  should  be  a  cock 
at  the  upper  side  of  each  summit  in  the  course  of  the  pipe,  for 
blowii^  off  air,  and  at  the  lower  side  of  each  hollow  for  blowing  off 
aediment. 

XL  The  bye  wa^  has  no  peculiarities  arising  from  the  class  of 
engines. 

IIL  The  regvloUor  is  a  valve  of  one  or  other  of  certain  kinds  to 
be  afterwards  mentioned,  which  are  capable  of  being  adjusted  to 
any  required  extent  of  opening. 

rV.  The  engine  proper  consists  oi  a  piskm  moving  in  a  cylinder^ 
together  with  the  valves  for  admitting  and  discharging  the  water 
firom  the  cylinder.  The  engine  is  single  acting  or  double  acting 
according  as  the  water  acts  on  one  j^ce  of  the  piston  only  or  on 
each  &ce  alternately. 

The  valves  are  sometimes  worked  by  hand,  in  which  case  the 
same  valve  may  act  as  the  regulator  and  the  admission  valve, — 
sometimes  by  mechanism  directly  diiven  by  the  piston  of  the 
engine, — and  sometimes  by  a  small  ausdllaiy  water  pressure 
engine. 
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The  place  of  the  piston  is  sometimes  supplied  hj  a  mass  of  air ; 
in  which  case  the  aiteratioi]]^  of  volume  of  that  air  require  to  be 
taken  into  account. 

V.  The  tail  race  consists  of  a  discharge  piw,  whose  final  outlet 
may  be  either  at,  below,  or  above  the  level  or  the  cylinder. 

105.  8acU«B  Pipe* — ^The  pressure  of  the  water  at  the  outlet  of 
the  diBchaige  pipe  is  equal  to  that  of  the  atmosphere,  added  to  that 
due  to  the  depth  at  wluch  the  water  outside  the  pipe  stands  above 
that  outlet;  so  that  when  the  outlet  is  below  the  level  of  the  piston, 
the  pressure  within  the  upper  end  of  the  discharge  pipe,  and  in  the 
cylinder  while  the  water  is  being  discharged,  may  be  less  than  the 
atmospheric  pressure.  In  this  case,  the  discharge  pipe  is  called  a 
auction  pipe,  and  the  pressure  at  its  upper  end  is  described  by 
stating  by  how  much  it  ia  below  the  atmospheric  preesure,  either  in 
pounds  on  the  square  inch  or  square  foot,  or  in  feet  of  water,  and 
that  deficiency  of  pressure  is  conventionally  called  so  many  pounds 
on  the  inch  or  foot,  or  so  many  feet,  '^o/vacuumJ*  Thus,  if  the 
atmospheric  pressure  is  14*7  lbs.  on  the  square  inch,  being  equi- 
valent to  33-9  feet  of  head  of  water,  and  the  absolute  pressure  in 
the  cylinder  during  the  discharge  is  two  lbs.  on  the  square  inch, 
being  equivalent  to  4*6  feet  of  head  of  water,  that  pressure  is 
described  as  12'7  lbs.  on  the  square  inch,  or  29  3  feet,  of  vacuum. 
This  mode  of  expression  has  been  adopted  on  account  of  the  prac- 
tical convenience  of  reckoning  pressures  from  that  of  the  atmo- 
sphere as  an  arbitrary  zero. 

The  absolute  pressure  against  the  piston  during  the  discharge  is 
equal  to  the  atmospheric  pressure,  added  to  the  pressure  required 
to  overcome  the  resistance  of  the  discharge  pipe,  less  the  pressure 
due  to  the  elevation  of  the  upper  surface  of  the  water  beneath  the 
piston  above  the  bottom  of  the  falL  There  never  acts  in  water,  at 
all  events  in  agitated  water,  negative  pressure  (that  is,  tension)  to 
an  amount  appreciable  in  practice;  therefore,  the  height  of  the 
upper  surface  of  the  water  beneath  the  piston  can  never  be  greater 
than  the  head  due  to  the  atmospheric  pressure,  added  to  the  head 
lost  in  overcoming  the  friction  in  the  discharge  pipe.  Should  the 
height  of  the  piston  itself  above  the  bottom  of  the  fall  be  greater 
than  this,  the  water  in  the  cylinder,  on  the  opening  of  the  dischaige 
valve,  will  not  continue  in  contact  with  the  piston,  but  will  sud- 
denly drop  down  to  the  level  given  by  the  principle  just  stated, 
leaving  between  itself  and  the  piston  what  is  commonly  called  a 
"  vacuimi "  or  "  empty  space,'*  being  in  reality  a  space  filled  with 
rare  vapoiir.  The  height  of  that  space  is  so  muc^  head  lost;  its 
existence  tends  to  make  the  piston  leak,  and  its  periodical  empty- 
ing and  filling  is  accompanied  by  shocks  or  abrupt  motions  in  the 
water,  which  tend  to  injure  and  wear  out  the  machine;  therefor^ 
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its  formation  ought  to  be  avoided ;  and  for  that  purpose  the  height 
of  the  piston  above  the  bottom  of  the  fiEdl  ought  never  to  be  greater 
than  that  due  to  the  least  atmospheric  pressure  and  the  re^atance 
of  the  discharge  pipe.  Now,  the  water  in  the  discharge  pipe  is  some- 
times at  resty  and  then  the  resistance  is  nothing;  so  that  we  arrive 
finally  at  this  rule: — The  greaiest  height  of  the  piston  abow  the 
bottom  qfthe  fall  ought  Ttot  to  exceed  the  head  qftoater  equivalent  to 
the  least  atmospheric  presswre  in  the  locality, 

106.  The  l<aut  AtH««pheric  PrMMoe  at  the  level  of  the  sea  is 
about  2S  inches  of  mercury,  or  13*75  Iba  on  the  square  inch,  or 
31-7  feet  of  water. 

The  ratio  in  which  the  least  atmospheric  pressure  is  less  than 
the  above  amount  at  a  given  elevation  {z)  above  the  level  of  the 
sea,  is  computed  with  sufficient  exactness  for  practical  purposes  by 
the  following  formula,  in  which  p^  is  the  pressure  at  the  level  of 
the  sea,  and  p^  the  pressure  at  the  elevation  of  z  feet : — 

^^^;=6^6 (1-) 

In  the  absence  of  tables  of  logarithms,  the  following  formula, 
deduced  from  one  proposed  by  Mr.  Babinet,  is  approximately 
ooxrect,  fox  heights  not  exceeding  3,000  feet : — 


p^  ^  52400  -  z 
Po  "■  52400  +  z" 


.(2.) 


When  the  height  exceeds  3,000  feet,  divide  it  into  a  series  of  stages, 
each  not  exc^ding  3,000  feet  in  height;  calculate  the  ratio  of  the 
pressures  at  the  top  and  bottom  of  each  stage,  and  multiply 
together  the  several  ratios  so  found  for  the  ratio  of  the  pressures  at 
the  top  and  bottom  of  the  entire  height. 

For  moderate  heights,  the  following  rule  is  sufficient : — deduct 
from  the  pressure  one-hundredth  part  of  itself  for  each  262  feet  of 
delation, 

107.  Sxpaaaimi  •£  Water  by  Beat— AwroxlMste  F«rmvla— 0«ai- 
ptftemi  •£  llBlis  •€  PrciwMfft. — ^It  is  seldom  necessary  in  calculations 
connected  with  water  pressure  engines  to  take  into  account  the 
expansion  of  water  by  heat;  but  in  the  event  of  its  being  at  any 
time  requisite  to  do  so,  the  following  formula,  although  only  £i 
rough  approximation  in  a  scientific  point  of  view,  is  sufficiently 
accurate  for  the  practical  purpose  in  question,  and  is  extremely 
convenient,  from  the  ease  and  rapidity  with  which  its  results  can 
be  computed,  especially  when  a  table  of  reciprocals  is  at  hand  :— 

Let  Do  ^  62-425  lbs.  to.  the  cubic  foot,  be  the  maximimi  density 


110  WATER  POWER  AND  WIKD  POWER. 

of  water;  Dj  its  density  at  a  given  temperature  of  T*  on  Faia&x- 

belt's  scale :  then 

^1  2  Do 

D,  nearly  =y>^^g^o  ^gg— 

500       "**  T*^  +  46r 

At  212**,  this  formnla  gives  too  great  a  result  by  alxrat  ji^;  at 
lower  temperatures  its  errors  are  much  smaller. 

COMPARIBOK  OF  HeADS  OP  WATER  IN  FeET  WITH  PRESSUBEB  DT 

Various  Units. 

One  foot  of  water  at  39°'i  Fahr.  =  62-425    lbs.  on  the  square  foot. 
,,  „  0*4335  lbs.  on  the  square  inch. 

„  „  0-0295  atmo^here. 

„  „  0-8826  inch  of  mercury  at  32**. 

"  "  773  3         I      1  atmosphere. 

One  lb.  on  the  square  foot,. 0-01602  foot  of  water. 

One  lb.  on  the  square  inch, 2  -307      feet  of  water. 

One  atmosphere  of  29*922  inches  ) 

of  mercury, ...../    33  9 

One  inch  of  mercury  at  32°, i  *i  33  n        ?» 

One  foot  of  air  at  32^  and  one  )       ^  ^ ^ 

atmosphere, /    *'°°"93      „        ,, 

One  foot  of  average  sea  water, i  -026        foot  of  pure  water. 

107  A.  PreMmre  Chuige*  —  Tacaoni  Chiagcs. —  Instruments  for 
indicating  the  intensity  of  the  pressmre  of  a  fluid  contained  in  a 
close  vessel  are  called  "pressure  gauges,**  or  "vacuum  gauges," 
according  as  they  show  how  much  that  pressure  is  above  or  how 
much  it  is  below  that  of  the  atmosphere.  Frequently  the  same 
instrument  answers  both  those  purposes.  Of  this  an  example  has 
already  been  given,  in  the  Indicator  (Articles  43, 44),  which  can  be 
applied  to  water  pressure  engines  as  well  as  to  the  steam  engine. 
The  foUowing  are  three  examples  of  other  kinds  of  gauges  : — 

I.  The  mercv/rial  pressure  gauge  is  the  most  exact  for  sdentiflc 
purposes.  It  consists,  like  a  siphon  barometer,  of  an  inverted 
siphon,  or  U-shaped  tube,  the  lower  part  of  which  contains  mer- 
cxuy,  and  whose  vertical  legs  have  a  scale  attached  alongside  of 
them,  divided  either  into  inches  and  decimals,  or  divisions  corre- 
sponding to  pounds  on  the  square  inch,  or  other  convenient  units  of 
pressure.  One  leg,  by  means  of  a  brass  nozzle,  communicates  with 
the  vessel  within  which  the  fluid  is  contained;  the  other  is  open  to 
the  air.     The  mercury  stands  lowest  in  that  leg /In  which  the 
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yreeaure  on  ite  upper  suifkce  is  nK)Gt  mt^ise ;  and  the  difference  of 
level  o€  the  mercuiy  in  the  two  legs  incHcates  the  difference  between 
the  pressure  in  the  vessel,  and  the  atmospheric  pressure. 

To  determine^  if  required,  the  absolute  pressure  within  the  vessel^ 
ihB  abeohite  pressure  of  the  atmosphere  at  the  time  of  observation 
may  be  ascertained  by  means  of  an  ordinary  barometer. 

Meroorial  vacuum  gauges  are  sometimes  used,  which  indicate 
dwecAy  the  absolute  pressure  within  a  vessel,  by  being  constructed 
exactly  like  a  baxometer,  having  the  leg  containing  ^e  mercurial 
oolumn  that  balances  the  pressiune  to  be  measured  closed  hermeti- 
cally at  Hie  top,  with  a  Torricellian  vacuum  above  the  mercury, 
produced  in  the  usual  way,  by  inverting  1^  tube  and  boHing  the 
mercury  in  it. 

It  is  necessary  to  accurate  measurement,  that  the  scales  of  mer- 
curial pressure  gauges  should  be  exactly  vertical 

The  relatious  stated  in  Articles  6  and  107  between  inches  of 
mercury  and  other  units  ^  intensity  of  pressure,  have  reference  to 
a  temperature  of  32°  Fahrenheit.  For  any  other  temperature,  T°, 
on  Fahrenheit's  scale,  let  K  be  the  observed  height  of  a  merciudal 
cohmm,  and  A  the  corresponding  height  reduced  to  32°;  then 

*  ^  1  +  0-0001008  (T°  -  32°) ^'^ 

IL  The  air  manometer  consists  of  a  long  vertical  glass  tube, 
closed  at  the  upper  end,  open  at  the  lower  end,  containing 
air,  provided  with  a  scale,  and  immersed,  along  willi  a  thermo- 
meter, in  a  transparent  liquid,  such  as  water  or  oil,  contained  in  a 
strong  cylinder  of  glass,  which  communicates  with  the  vessel  in 
which  i^e  pressure  is  to  be  ascertained  The  scale  shows  the 
imdume  occupied  by  the  air  in  the  tube. 

Let  Vo  be  that  volume,  at  the  temperature  of  32°  Fahrenheit,  and 
mean  pressure  of  the  atmosphere  jo^;  let  v^  be  the  volume  of  the  air, 
at  the  temperature  T°,  and  under  the  absolute  pressure  to  be 
■leasared,^;  then 

(T°  +  461°);>oro 
^1"        493°  •  v^       ^'^^'' 

ITT.  BcurdatCa  gcmge  is  the  most  useful  yet  known  for  practical 
purposes.  Its  ordinary  construction  is  represented  in  fig.  26.  A  is 
a  cock,  conmiunicating  with  the  vessel  in  which  the  pressure  is  to 
be  measured  £B  is  a  curved  metallic  tube,  communicating  with 
A  at  one  end,  and  closed  at  the  other.  The  cross-section  of  this 
tube  is  oi  the  flattened  form  represented  in  fig.  27,  and  its  g^reatest 
breads  is  in  tiie  direction  perpendicular  to  the  plane  in  which  the 
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tube  is  curved.    When  the  pressure  within  the  tube  is  greater  than 
the  pressure  without^  the  tube  becomes  less  curved;  when  the 

pressure  without  is 


the  greater^  it  be- 


Fig27. 
closed  end  of  the 


comes  more  curved. 
The  motions  of  the 
tube  are  communi- 
cated either  through  the  link  0  D,  and 
lever  D  E,  or  by  means  of  wheel-work, 
to  the  index  £  F,  which  points  to  a 
graduated  arc.  The  positions  of  the 
graduations  on  the  arc  are  fixed  by 
comparison  either  with  a  mercurial 
gauge  for  moderate  pressures,  and  an 
air  manometer  for  very  high  pressures, 
or  with  another  Bourdon's  gauge  known 
to  be  correctly  graduated. 

These  gauges  can  be  made  of  any 
required  degree  of  sensibility,  so  that 
some  are  suited  to  measure  pressures 
of  less  than  one  atmosphere,  and  others 
to  measure  pressures  of  several  thousand  lbs.  on  the  square  inch. 
Their  mechanism  is  usually  contained  in  a  cylindrical  brass 
box,  and  the  dial  plate  and  index  are  protected  by  a  plate  of  glass. 
They  can  be  screwed  in  every  required  position  upon  machines 
acting  by  the  pressure  of  fluids. 

108.  Fixtag  l»ia»et«r  of  Bappir  Pipe.— In  designing  a  water 
pressure  engine,  it  is  often  necessary  to  fix  the  diameter  of  the 
supply  pipe  so  that  it  shall  deliver  a  given  number  of  cubic  feet  of 
water  per  second  with  a  loss  of  head  not  exceeding  a  given  limit 

Let  h  denote  the  prescribed  greatest  loss  of  head,  in  feet  This 
must  corretapond  to  the  greatest  velocity,  and  therefore  to  the 
greatest  flow,  through  the  supply  pipe. 

Let  Q  be  the  number  of  cubic  feet  of  water  required  by  the 
engine  per  second,  and  C^  the  greatest  flow  per  second  through  the 
supply  pipe.  Then  if  the  piston  moves  for  a  considerable  period 
with  a  continuous  motion  in  one  direction  (as  in  hydraulic  hoists), 
if  the  engine  is  double  acting,  with  an  uniformly  moving  piston,  or 
if  it  has  a  pair  of  single  acting  cylinders  with  pistons  moving  alter- 
nately and  uniformly, 

Cy  =  Q  nearly; (1) 

If  the  engine  drives  a  rotating  crank  shaft, 

Q'  =  1-57  Q  nearly; Di^iW.b^^.Qo.Qgk) 
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if  the  engine  has  only  one  single  acting  cylinder,  and  Q  is  reckoned 
per  tmxmd  of  the  whole  time  occupied  by  the  piston  in  descending  as 
'  weUcts  in  rising,  the  water  stands  still  in  the  supply  pipe  while  the 
piston  is  descending,  and,  therefore,  in  this  case, 

Q*  =  2  Q  nearly (2.) 

It  has  already  been  stated,  in  Article  09^  that  the  loss  of  head 
in  a  straight  pipe  is  given  by  the  formula 

'-•^'•TO w 

I  being  the  length,  b  the  circumference,  A  the  sectional  area,  d  the 
diameter  in  feet,  and 

/=  0005(1  +  ^^) (4.) 

A      d 
In  a  cylindrical  pipe  of  the  diameter  ^>  -r  =  -ri  *^^>  therefore 

the  equations  3  and  4  may  be  reduced  to  the  following  form : — 

^/=^^K^^i4^) <^> 

Now  A  =  '  7854  d^;  and,  therefore,  the  velocity  in  the  pipe  luui 
the  following  value ; — 

^"  A  "  -7854^2^ (^') 

and  the  height  due  to  the  velocity, 

644"  39-73  c^' ^^^ 

which,  being  introduced  into  equation  5,  gives 

39-73  ^ ' ^^-^ 

and  consequently 

^'•'— (^0' <'^) 

In  this  formula,  the  co-effident  of  friction,/,  depends  on  the  diameter, 
df  being  the  quantity  sought     It  is,  therefore,  necessan^  to  assume 

I  Digitized  by  GoOOle 
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in  the  first  place  an  approximate  value  for  4  /  The  Taloe  com- 
monly  aanimed  is 

0-0258, 
wbidk  gives,  for  iike  first  approanmaUon  to  the  diameter  of  the  pipe, 

.?  =(0O0065if  )*=  02304  (^-f  )*  ..,....(11.) 

The  approximate  diameter  thus  found  is  to  be  substituted  in  equa- 
tion 6,  to  find  a  corrected  value  of  4  ^  which  being  employed  in 
equation  10,  gives  a  second  approximcUion  to  the  diameter  of  the 
pipe;  and  this  is  almost  always  sufficiently  accurate. 

To  provide  for  unforeseen  causes  of  increased  resistance,  such  as 
the  deposit  of  a  crust  in  the  pipe,  it  is  customary  to  add  one-sixth, 
or  thereabouts,  to  the  diameter  given  by  the  preceding  formulae  ; 
but  however  large  the  pipe  may  be,  one  inch  is  a  sufficient  addi- 
tion for  this  purpose.  The  diameter,  though  computed  in  feet,  is 
commonly  reduced  to  inches  when  mentioned  in  a  specification  or 
written  on  a  drawing. 

The  pipe  is  supposed,  in  this  Article,  to  have  what  it  ought 
always  to  have,  a  mouthpiece  at  its  upper  end,  of  the  form  of 
the  contracted  vein,  whose  resistance  is  nearly  insensible  (Article 
99). 

The  formula  for  the  friction  of  water  in  pipes,  which  is  that  of 
M.  Darcy,  is  founded  on  the  experiments  reconled  in  his  treatise, 
Du  Motwemenl  d^  VEau  dcms  les  Tuyauoc 

When  there  are  several  different  causes  of  lo^  of  head,  proceed 
as  follows : — 

Assume  9'  diameter  (f ,  from  which,  by  equation  7,  compute  the 
velocity  v'  corresponding  to  the  required  flow  Q'.  From  that  velo- 
ciiy  compute  by  the  formulas  of  Article  99  the  total  loss  of  head 
hi  oonesponding  to  the  assumed  diameter.  If  this  differs  from  the 
assigned  loss  of  head  A,  the  required  effective  diameter  c2  is  to  be 
computed  by  the  formula — 

<«  =  <«'-©^ (12.) 

and  the  actual  diameter  is  to  be  made  one-sixth  greater  than  this 
effective  diameter,  if  the  latter  does  not  exceed  six  inches;  but  if  it 
does  exceed  six  inches,  then  the  actual  diameter  is  to  be  one  inch 
greater. 
K 
If  ^  is  a  ratio  differing  little  from  unity,  then    y  Googlc 
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c;  =  cf-{l+i(^-l)}nearly (12  a.) 


109.  Sflbct  sribe  ■niMteif — ^Let  A  be  ike  tedional  area (^ tiie 
sapply  pipe;  a  the  area  of  the  opening  of  the  regulator,  when  par- 
tially dosed ;  e  the  co-efficient  of  contraction  oi  that  opening, 
as  to  whose  values  for  diflferent  openings,  see  Article  99.  Kien  by 
comparing  equations  12  A  and  13  of  Article  99  together,  it  appears 
that  for  CKjual  velocities  of  flow  in  the  same  supply  pipe,  the 
resistance  is  increased  by  the  partial  closing  of  the  regidator  in  the 
proportion^ 

=  (for  a  cylindrical  pipe)  1  H j-tj :  1. 

Let  this  be  expressed,  for  brevity's  sake,  by 

l  +  n  :l. 

This  increased  resistance  may  take  effect  either  in  increasing  the 
loss  of  head,  or  in  diminishing  the  flow,  or  in  both  ways  at  once ; 
but  in  any  case,  if  Q^  represents  the  flow  and  h^  the  loss  of  head, 
with  the  pipe  uninterrupted,  and  Q^  the  flow  and  h^  the  loss  of 
head,  with  iiie  regulator  partially  closed;  then 

i  =  ^+«=^|  =  | (2> 

The  same  principle  may  also  be  expressed  in  the  following  way : — 
let  t^  Uj,  be  the  effective  mean  speed  of  the  piston  of  the  engine 
corresponding  to  the  dischaiges  Qo,  Q^ ;  then 

1  ;l+n  ::  ^:^ (3.) 

«{     111  ^  ' 

It  is  better  for  economy  of  power  that  the  contraction  of  the  regu- 
lator should  take  eflect  by  diTniniftliiiig  the  speed  of  the  engine  tihan 
by  increasing  the  loss  of  head;  for  the  volume  of  water  whose 
passage  is  prevented  by  a  diminution  of  speed  can  be  stored  in  the 
reservoir  for  future  use;  but  an  increased  loss  of  head  gives  rise  to 
an  irxetrievable  waste  of  energy.  Digitized  by  Google 
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110.  AfdiMi  mt  ibe  Waaar  «■  the  yjniMi — ^In  a  smgle  acting  en- 
giiie,let 

H^  denote  tlie  beigfat  of  the  top  of  the  fall  above  the  mean  level 
of  the  &oe  of  the  piston,  the  action  of  the  water  <»l  which  is  under 
consideration; 

Ap  the  loss  of  head,  hj  the  fioction  of  the  water  in  the  supply 
pqMy  regulatory  valve  poiiSy  and  cylinder; 

Q,  the  mean  flow,  in  cubic  feet  per  second; 

J),  the  wei^t  of  one  cuMc  foot  of  water; 

A,  the  area  of  the  piston,  in  square  feet; 

p^  the  mean  intensity  of  the  ^ort  exerted  by  the  water  on  the 
piston  during  the  forward  stroke,  in  lbs.  on  the  sqnare  foot ; 

u,  the  mean  velocity  of  the  piirtion,  in  feet  per  second; 

F,  the  co-efficient  of  friction  of  the  piston  and  mechanism,  so 
that  (1  '-k'^Pi  is  the  intensity  of  the  tuefid  load;  then 

ft  =  D(Hi-AO; (1.) 

Api  =:  D  (H^-A|)  A  =r  total  effort  of  the  water  on  the 

piston; • (2.) 

2Q 

«  =  X' <^) 

energy  is  exerted  by  the  water  on  the  piston  daring  the  forward 
stroke,  at  the  mean  rate  of 

tt  Api  =  2D  Q  (Hj-Aj)  ft.-lb.  per  second; (4.) 

and  use/kd  work  per/armed,  at  the  rate  of 

(l-XOuAp^  =  2(1^X0  I>Q(Hi-Ai> (5.) 

The  valae  of  k*,  from  experiments  of  the  Messrs.  Moie  and  the 

Author,  is  about  jjr  for  ordinary  packing. 

Further,  let 

Hj  be  the  mean  height  of  the  face  of  the  piston  above  the  bot- 
tom of  the  faU  (not  exceeding  31  -7  leet).— If  the  bottom  of  the  Ml 
is  above  the  mean  level  of  we  piston  face,  Hj  is  to  be  made  ne- 
gative; 

hp  the  loss  of  head  in  the  discharge  pipe  and  valves ; 

Pj,  the  mean  intensity  of  the  effort  exerted  on  the  piston  during 
the  back  stroke;  then 

Pj  =  D(H2-Aj); (6.) 

Apj  =  D  (H2  -/12)  A....^t*^j.^Goag^) 
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If  Hj  is  less  than  Ajy  o^  negative,  these  expressions  become  nega- 
tive,  and  represent  renstance  exerted  hy  the  water  agcwnst  the 
piston. 

During  the  retom  stroke  energy  is  exerted  on  the  piston  at  the 
meinrateof 

f*  Aj?2  =  2  D  Q(H2-^  fL-lb.  per  second. (8.) 

If  this  expression  is  n^;ative^  it  represents  work  lost  in  forcing  the 
water  out  of  the  cylinder. 

Finally,  taking  the  mean  of  the  expressions  4  and  8,  we  find  for 
ihe  whole  eneigy  exerted  by  the  water  on  the  piston,  per  second — 

uA-a^  =  DQ(Hi  +  H,-Ai-A^ 

=  DQ(H-A); (9.) 

H  =  Hi  +  Hj  being  the  total  fall,  and 
A  =  Aj  4"  Aj  the  totdl  loss  of  head; 
while  the  usenil  work  per  second  is 

(1-^DQ(H-A), (10.) 

and  the  combined  effidenqy  of  the  fall  and  engine— 

(i-y)(H-A) ^jjj 

This  varies,  in  different  cases,  from  about  0*67  to  about  0*8. 

Section  2.— <y  Valves. 

111.  ValTM  te  Ocacni,  considered  with  reference  to  the  means 
by  which  they  are  moved,  may  be  divided  into  three  principal 
classes: — ^Valves,  sometimes  called  dctcks,  which  are  opened  and 
shut  by  the  pressure  of  the  fluid  that  traverses  their  openings,  and 
are  usually  intended  for  the  purpose  of  permitting  the  passage  of 
tiie  fluid  in  one  direction  only,  and  stopping  its  return; — ^vSves 
moved  by  hand; — and  valves  moved  by  mechanism.  "When  a  pis- 
ton drives  a  fluid,  as  in  ordinary  pumps,  the  valves  are  usually 
moved  by  the  fluid:  when  the  fluid  drives  the  piston,  it  is  in 
general  necessary  that  the  valves  should  be  moved  by  hand  or  by 
mechanism.  In  water  pressure  engines  that  work  occasionally  and 
at  irr^;ular  intervals,  such  as  hydraulic  hoists  and  cranes,  the 
Talves  are  usuaUy  opened  and  shut  by  hand;  in  those  which  work 
periodically  and  continuously,  they  are  moved  by  me<^anism  jcon- 
Uficted  with  the  engina  Q  '^^^  ^y  vjOOgie 
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Safety  Talves  for  permitting  a  fltdd  to  escape  from  a  Teasel  wlieii 
the  presBnre  toids  to  rise  above  the  limit  of  safety^  belong  to  the 
class  that  are  moved  by  the  fluid.  Begtdating  valves  are  adjusted 
either  by  hand^  or  by  means  of  a  governor. 

The  SEAT  of  a  valve  is  the  fixed  snr&ce  on  which  it  rests,  or 
against  which  it  presses. 

The  FACE  of  a  valve  is  that  part  of  its  sur&ce  which  comes  in 
contact  with  the  seat. 

When  a  valve  occurs  in  the  cov/ne  of  a  pipe  or  passage^  the  valve 
box  or  chamber,  being  that  part  of  the  passage  in  which  the  valve 
works,  should  always  be  of  such  a  shape  as  to  allow  a  free  passage 
for  the  fluid  when  the  valve  is  open,  so  that  the  fluid  may  pass  the 
valve  with  as  little  contraction  of  the  stream  as  possible;  and  if 
necessary  for  that  purpose,  the  valve  chamber  may  be  made  of 
laroer  diameter  than  the  r^  of  the  passage. 

The  usual  materials  for  valves  and  their  seats  are  iron^  bronze, 
brass,  hardwood,  leather,  India  rubber,  and  gutta  percha. 

Wben  a  valve  and  its  seat  are  both  of  metal,  they  should  be  of 
the  same  metal;  for  when  they  are  of  different  metals,  a  galvanic 
action  takes  place,  which  causes  one  or  other  of  them  to  be  cor- 
roded. 

In  water  pressure  engines  and  pumps,  the  best  material  for  the 
seats  of  metal  valves  is  some  hard  wood,  such  as  elm  or  lignum 
vitee,  the  fibres  being  set  endways,  and  constantly  wet. 

India  rubber  and  gutta  percha  being  dissolved  or  softened  by 
oils,  whether  fatty  or  bituminous,  are  unsuitable  materials  lor 
valves  to  which  those  fluids  have  access. 

112.  The  BoBnct  Talre  Or  Conical  Talve  is  a  flat  or  slightly 
arched  circular  plate  of  metal,  whose  £eu^,  being  formed  by  its  rim, 
is  sometimes  a  finstum  of  a  cone,  and  some- 
times a  zone  of  a  sphere,  the  latter  figure  being 
the  best  Its  «ca<,  being  the  rim  of  the  circular 
orifice  which  the  valve  closes,  is  of  the  same 
figure  with  the  face  or  rim  of  the  valve,  and 
^*  •  the  valve  face  and  its  seat  are  turned  and 
ground  to  fit  each  other  exactly,  so  that  when  the  valve  is  closed 
no  fluid  can  paas.  The  thickness  of  a  valve  of  this  form  is  usually 
fiom  a  fifth  to  a  tenth  of  its  diameter,  and  the  mean  inclination  of 
its  rim  about  45°. 

To  insure  that  the  valve  shall  rise  and  fall  vertically  and  always 
return  to  its  seat  in  closing,  it  is  sometimes  provided  with  a  spvndle^ 
as  shown  in  fig.  28,  being  a  slender  round  n)d  perpendicular  to  the 
valve  at  its  centre,  and  moving  through  a  ring  or  cylindrical  socket. 
A  knob  on  the  end  of  the  spindle  prevents  the  valve  from  rising  too 
high.     When  the  valve  is  to  be  moved  by  hand  or  by  mechanism. 
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the  spindle  may  be  oontdnued  through  a  staffing  box^  and  connected 
with  a  handle  or  a  lever,  so  as  to  be  the  means  of  transmittang 
motion  to  the  valve, 

IVhen  the  valve  seat  is  at  the  upper  end  of  a  cylindrical  passage, 
as  in  ordinary  safety  valves,  the  place  of  the  spindle  is  often  sup- 
plied by  means  of  a  tail,  which  will  be  described  in  the  next 
Artida 

113.  The  <?•■■■«■  mmMBtf  Taire  used  for  steam  boilers  as  well  as 
for  water  pressure  engines,  is  a  bonnet  iralve  loaded  with  a  weight 
equal  to  the  greatest  excess  oi  the  pressure  upon  each  area  equal  to 
that  of  the  valve  within  the  vessel  on  which  the  valve  is  fitted, 
above  the  pressure  of  the  atmosphere,  to  which  it  is  safe  to  subject 
that  vessel  during  its  ordinaiy  usa 

Sometimes  the  valve  has  a  vertical  spindle  rising  &om  it,  moving 
in  guides,  and  loaded  directly  with  cylindrical  weights  which  rest 
on  a  collar  that  surrounds  the  spindle. 
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Sometimes  the  load  is  applied  by  means  of  a  lever,  as  in  fig.  29, 
which  represents  a  section  of  the  valve  seat  and  valve,  and  an  ele- 
vation of  the  lever.  A  is  the  valve,  D  a  stud  or  knob  in  the  centre 
of  its  upper  side,  C  B  a  lever  jointed  to  a  fixed  fulcrum  at  C,  B  the 
weight,  which  can  be  shifted  to  different  positions  on  the  lever,  so 
as  to  vaiy  the  load  on  the  valve. 

The  intensity  of  the  effective  pressure  p  per  square  inch  neoes- 
saiy  to  open  ike  valve  is  given  as  follows: — Let  B  denote  the 
weight  applied  to  the  lever,  L  that  of  the  lever  itself,  G  C  the  dis- 
tance of  the  centre  of  gravity  of  the  lever  from  the  joint  0,  W  the 
weight  of  the  valve,  A  its  area  in  square  inches;  then 
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Fig.  30  is  an  elevation  of  the  valve,  showing  the  taU  (already 

zeferred  to  in  the  last  Article),  by  which  it  is  guided  so  as  to  move 

vertically,  and  to  return  always  to  its  seat.    Fig.  31  is  a  horizontal 

section  of  the  tail,  which  consists  of  three  vertical  ribs 

*or  "feathers,"  radiating  at  angles  of  120°.      Their 
outer  sur£EU3es  or  edges  are  small  portions  of  a  vertical 
cylinder,  turned  to  fit  the  cylindrical  tube  on  which 
the    valve    is    placed    easily  but  not   too 
^^     loosely. 
iBf  Modifications  of  the   safety  valve,  spe- 

■         cially  suited  to  steam  engines,  will  be  de- 

«    «/*        «    ot      scribed  under   the  head  of   that  class  of 
T\g.  80.        Fig.  81. 
*  ^  pnme  movers. 

114.  The  Ball  Cteck  ^g.  32)  is  a  valve  of  the  form  of  an  aocu- 
lately  turned  sphere.     W  hen  of  large  size,  it  is  in  general  hollow, 

in  order  to  reduce  its  weight.  Its  face  is  its 
entire  surface :  its  seat  is  a  spherical  zone,  as  in 
the  case  of  some  bonnet  valves  already  refeired 
to.  As  the  ball  clack  fits  its  seat  alike  in  evety 
position,  it  needs  neither  spindle  nor  tail;  but 
either  the  chamber  in  which  it  works  must  be  of 
such  a  shape  and  size  as  to  insure  its  always  jbll- 
ing  into  its  seat,  or  the  same  object  must  be 
Z,    oj  effected  by  means  of  wire  guards  enclosing  it,  as 

*  shown  in  the  figure.   The  latter  plan  is  the  better, 

as  it  is  the  more  likely  to  insure  that  there  shall  always  be  a  free 

passage  for  the  fluid  round  the  valve  when  open. 

115.  iHHded  c^aical  Talve. — ^Bonnet  valves  of  large  size,  when 
working  under  high  pressures,  often  require  an  inconveniently 
great  amount  of  work  to  open  them,  and  shut  with  such  violence 
as  to  cause  injurious  shocks  to  the  machine.  To  obviate  this  evil, 
a  valve  has  sometimes  been  used,  composed  of  a  series  of  concentric 
rings.  The  largest  ring  may  be  considered  as  a  bonnet  valve,  in 
which  there  is  a  circular  orifice,  forming  a  seat  for  a  smaller  bonnet 
valve,  in  which  there  is  a  smaller  circular  orifice,  forming  a  seat  for 
a  still  smaller  bonnet  valve,  and  so  on.  This  arrangement  enables 
a  large  opening  for  the  passage  of  water  to  be  formed  with  a 
moderate  upward  motion  of  each  division  of  the  valve ;  and  conse- 
quently with  a  moderate  expenditure  of  work  to  open  it,  and  a 
moderate  shock  when  it  shuts. 

116.  The  l»o«bi»>Bcat  TalTo  (an  invention  of  Messra  Harvey 
and  West)  is  the  best  contrivance  yet  known  for  enabling  a  large 
passage  for  a  fluid  to  be  opened  and  shut  easily  under  a  high  pres- 
sure. Fig.  33  represents  a  section  of  the  valve,  with  its- seats  and 
chamber,  and  fig.  34  a  plan  of  the  valve  alone.      ^  '"^^  byA^OOgie 
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The  valve  shown  in  the  figure  is  for  the  pmipose  of  opening  and 
Hhatting  the  communication  between  the  pipe»  A  and  B. 


'^ '  'i  u  A  u  y 


Fig.  34. 


F15.  S3. 


The  pipe  B  is  vertical,  and  its  upper  rim  carries  one  of  the  two 
valve  seats,  which  are  of  the  form  of  the  frustum  of  a  cone,  and 
each  marked  a, 

A  frame  C,  composed  of  radiating  partitions,  fixed  to  and  resting 
on  the  upper  end  of  the  pipe  B,  carries  a  fixed  circular  disc,  whose 
rim  forms  the  other  conical  valve  seat. 

The  valve  D  is  of  the  form  of  a  turban,  and  has  two  annular 
conical  faces,  which,  when  it  is  shut,  rest  at  once  on  and  fit  equally 
close  to  the  two  seats  a,  a.  When  the  valve  is  raised,  the  fluid 
passes  at  once  through  the  cylindrical  opening  between  the  lower 
edge  of  the  valve  and  the  upper  edge  of  the  pipe  B,  and  through 
the  similar  opening  between  the  upper  edge  of  the  valve  and  the 
rim  of  the  circular  disc. 

The  greatest  possible  opening  of  the  valve  is  when  its  lower  edge 
is  midway  between  the  disc  and  the  rim  of  the  pipe  B,  and  is  given 
by  the  following  formula : — 

Let 

cL  be  the  diameter  of  the  pipe  B; 

d^,  that  of  the  disc; 

h,  the  clear  height  from  the  pipe  to  the  disc,  less  the  thickness  of 
the  valve;  GooqIc 

A,  the  greatest  area  of  opening  of  the  valve;  dien  ^^  o 
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A  =  31416 ^4^   A; (1.) 

JO 

and  in  order  that  this  may  be  at  least  equal  to  the  area  of  the  pipe 
B,  vizL,  '7854  dl,  we  should  have 

*'^'^«^=2^^' <2.) 

which;  if  as  is  usualy  c^  =  cf2>  gives 

A  at  least  =  ^; (2  a.) 

but  A  is  in  general  considerably  greater  than  the  limit  fixed  bj 
this  rula 

If  the  upper  and  lower  seats  are  of  equal  diameter^  the  valve  is 
little  affected  by  any  excess  of  pressure  either  in  A  or  in  B ;  and  a 
force  a  little  exceeding  its  own  weight  is  sufficient  to  open  it^  It 
is  then  called  an  equilibrium  valve. 

If  the  diameter  of  the  upper  seat  is  the  less,  an  excess  of  pres- 
sure in  A  over  B  tends  to  keep  it  shut^  and  an  excess  of  pressure 
in  B  over  A  to  open  it 

.  K  the  diameter  of  the  upper  seat  is  the  greater,  an  excess  of 
pressure  in  A  over  B  tends  to  open  the  valve,  and  an  excess  of 
pressure  in  B  over  A  to  keep  it  shut.  This  arrangement  is  seldom 
used. 

In  each  case,  the  force  arising  from  difference  of  intensity  of 
pressure,  and  tending  to  open  or  shut  the  valve,  as  the  case  may 
be,  is  nearly  equal  to  that  difference  mxdtiplied  by  the  differeooe 
between  the  area  of  the  pipe  B  and  that  of  ^e  circular  disc. 

The  equilibrium  valve  is  the  kind  of  double-beat  valve  most 
commonly  used  in  steam  engines.  In  water  pressure  engines, 
pumps,  and  hydraulic  apparatus  generally,  the  lower  valve  seat  is 
genmdly  made  a  little  laj^er  than  the  upper. 

117.  A  Fta«  Taire,  illustrated  by  fig.  35,  is  a  lid  which  opens 
and  shuts  by  turning  on  a  hinge.    The  hinge  may  either  be  a  metal 
joint,  or  may  be  provided  by  the  flexibility  of 
the  material  of  the  valve  itseli^  when  that  is 

leather  or  india  rubber. 

«      _  The  face  may  be  of  leather,  india  rubber, 

^'     '  or  metal;  in  the  last  case  the  fiice  and  seat 

should  be  carefully  scraped  to  true  planes. 

In  hydraulic  machines,  the  most  common  material  for  flap  valves 
is  leather,  which  should,  as  far  as  possible,  be  kept  constantly  wet. 
A  large  leather  flap  may  be  stiffened  in  the  middle  W  a  plate  of 
wood  or  metal.  ^.g,^^,  .^  GoOglc 
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A  pair  of  flap  valves  placed  hinge  to  hinge  (usually  made  of  one 
piece  of  leather  fisistened  down  in  the  middle)  constitute  a  "butter- 
fly CLACK."  The  chamber  of  a  flap  valve  should  be  of  consideiably 
greater  diameter  than  the  valva 

118.  A  Fliqp  aiidi  Grmtim^  TalTe  consists  of  a  round  diso  of  waier- 
proof  canvas  or  of  india  rubber,  resting  on  a  flat  horizontal  grating, 
or  on  fr  plate  perforated  with  holes,  to  which  it  is  fEuitened  down  at 
the  centre,  being  left  loose  at  the  edgea  To  prevent  the  valve 
from  lifiong  too  high,  it  is  usually  provided  with  a  guard,  which  is 
a  thin  me^  cup  formed  like  a  segment  of  a  sphere,  grated  or  per- 
forated like  the  valve  seat,  to  which  it  is  bolted  at  the  centre, 
serving  also  to  &sten  the  valve  down  at  that  point.  The  cup 
should  have  a  metal  shoulder  at  its  base,  a  little  less  in  depth  than 
the  thickness  of  the  flap,  to  press  directly  against  the  seat,  so  that 
the  tension  of  the  bolt  may  not  be  brought  to  bear  on  the  flap, 
which  would  be  unable  to  sustain  it.  When  the  valve  is  raised  by 
a  current  from  below,  it  applies  itself  to  the  bottom  of  the  ci^x 
When  the  current  is  reversed,  the  fluid  from  above,  pressing  on  the 
valve  through  the  holes  in  the  cup,  drives  it  down  to  its  seat  again. 

According  to  Mr.  Bourne,  valves  of  this  class,  when  made  of 
india  rubber,  may  be  about  six  inches  in  diameter  aud  five-eighths 
of  an  inch  thick.  They  are  adapted  to  large  pumps  by  making 
them  sufficiently  num^roua  They  are  now  much  used  for  the  air 
pumps  of  steam  engines,  in  which  the  pressure  they  have  to  sus- 
tain is  less  than  one  atmosphera  It  is  probable  that  they  are  not 
capable  of  bearing  very  high  pressurea 

119.  The  i»Am  •■«  Ptr«(  TalTe»  or  Trfci^wle  Taive»  consists  of  a 
thin  flat  metal  plate  or  disc,  which,  when  shut,  fits  closely  the 
opening  of  a  pipe  or  passage,  generally  circular  in  section,  but 
sometimes  rectangular.  The  valve  turns  upon  two  pivots  or 
journals,  placed  at  the  extremities  of  a  diameter  traversing  its 
centre  of  myity,  so  that  the  pressure  of  the  fluid  against  it  is 
balanced  about  its  axis  of  rotation,  and  the  valve  can  be  turned 
into  any  angular  position  by  a  force  sufficient  to  overcome  its 
friction. 

When  the  valve  is  turned  so  as  to  lie  edgeways  along  the  pas- 
sage, the  current  of  fluid  passes  with  very  little  obstruction :  when 
it  is  turned  transversely,  the  current  is  stopped,  or  nearly  stopped. 
By  placing  the  valve  at  various  angles,  various  openings  can  be 
nmde.  If  the  valve,  when  shut,  is  perpendicular  to  the  axis  of  the 
pipe,  the  opening  for  any  given  inclination  of  the  valve  to  that 
axis  is  proportional  to  the  coveraed-dne  of  the  indinaUon,  If  the 
valve  is  oblique  when  shut,  the  opening  at  a  given  inclination  is 
proportional  to  the  difference  between  the  dm  of  that  indincUifm 
and  the  sine  of  the  inclination  when  shtU,  Digitized  by  dooglc 


124  WATER  POWER  AND  WIND  POWER. 

The  face  of  this  valve  is  its  rim ;  ita  9eal  is  that  part  of  the 
internal  surface  of  the  passage  which  the  rim  touches  when  the 
valve  is  shut;  and  those  surfaces  ought  to  be  made  to  fit  very 
accurately,  without  being  so  tight  as  to  cause  any  difficulty  in 
opening  the  valve. 

One  of  the  journals  of  the  valve  usually  passes  through  a  bush 
or  a  stuffing  box  in  the  pipe,  so  as  to  affi[>rd  the  means  of  commu- 
nicating motion  to  the  valve  from  the  outside. 

It  is  difficult  to  make  valves  of  this  class  perfectly  water-tight  or 
steam-tight  without  too  much  impeding  their  motion,  l^ey  are, 
therefore,  not  so  well  suited  for  stop  valves  as  for  regulating 
valves,  and  for  the  latter  purpose  they  are  much  used,  both  in 
water  pressure  engines  and  in  steam  engines. 

Their  form  will  be  illustrated  in  the  figures  of  engines  of  which 
they  form  part 

120.  sikie  TaiT«ih — ^The  seal  of  a  slide  valve  consists  of  a  plane 
metal  surfistce,  very  accurately  formed,  part  of  which  is  a  rim  sur- 
rounding the  orifice  or  jdot^,  which  the  valve  is  to  dose,  and  from 

7  to  ^;r  of  the  breadth  of  that  orifice,  while  the  remainder  extends 
4       JO 

to  a  distance  firom  the  orifice  equal  to  the  diameter  of  the  valve,  in 

order  that  the  valve,  when  in  such  a  position  as  to  leave  the  port 

completely  open,  shall  still  have  every  part  of  its  face  in  contact 

with  the  seat. 

The  valve  is  of  such  ^dimensions  as  to  cover  the  port  together 
with  that  portion  of  the  seat  which  forms  a  rim  surrounding  the 
port  The  fstce  of  the  valve  must  be  a  true  plane,  so  as  to  slide 
smoothly  on  the  seat;  and  in  large  slide  valves  consists  of  a  rim 
surrounding  that  central  part  of  the  valve  which  dii-ectly  closes  the 
orifice,  and  which  is  more  or  less  concave,  to  enable  it  the  better 
to  resist  the  pressure  which  acts  on  the  back  of  the  valve  when  it 
is  closed. 

Very  large  slide  valves,  such  as  those  in  the  course  of  the  main 
water  pipes  of  large  towns,  are  strengthened  at  the  back  by  flanges 
or  ribs. 

The  valve  and  its  seat  are  contained  within  an  oblong  box  or 
case,  large  enough  to  permit  the  easy  motion  of  the  valve  within 
it,  and  usually  forming  an  enlargement  in  the  course  of  a  pipe. 
The  vcdw  rod,  by  means  of  which  the  valve  is  opened  and  shut> 
passes  out  through  a  stuffing  box;  or  instead  of  such  a  rod,  & 
valve  of  moderate  size  often  has  a  nut  fixed  to  it,  within  which 
works  a  screw  on  the  end  of  an  axle,  which  passes  out  through  a 
bush,  and  has  shoulders  within  and  without  to  prevent  it  from 
moving  longitudinally,  and  a  square  on  the  outer  end^on  which  the 
key  fits  that  is  used  in  turning  it*  Digitized  byGoOglc 
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The  total  preasure  between  the  face  and  seat  of  a  slide  valve  is 
equal  to  the  total  area  of  the  valve,  midtiplied  by  the  excess  of 
intensity  of  the  pressure  behind  it  above  the  pressure  in  front 
ofit 

That  total  pressure  being  multiplied  by  the  co-efficient  of  friction 
between  the  £m»  and  seat,  whidi  may  be  as  much  as  0*2  (see 
Article  13),  gives  the  resistance  of  the  valve  to  being  opened, 
which  is  ahnost  always  considerable.  For  the  double  purpose  of 
enabling  that  resistance  to  be.  overcome  by  a  moderate  effort,  and 
of  preventing  the  shocks  which  woidd  arise  from  suddenly  closing 
the  valve  when  1^ei*e  is  a  rapid  current  passing,  it  is  necessaiy 
that  the  valve  should  move  slowly  as  compared  with  the  driving 
point  of  the  apparatus  by  means  of  which  it  is  moved.  In  mode- 
rate sized  valves,  this  is  usually  provided  for  by  causing  them  to 
be  opened  and  shut  by  turning  a  screw,  as  already  described,  or 
by  moving  the  valve  rod  by  a  rack  and  pinion  of  suitable  dimen- 
sions. 

Laige  slide  valves  are  sometimes  moved  by  attaching  the  valve 
rod  to  a  piston  contained  in  a  cylinder,  which  has  a  pair  of  supply 
pipes,  one  for  each  end,  bringing  water  from  the  main  pipe  behind 
ike  valve,  and  a  pair  of  discharge  pipes,  one  for  each  end,  leading 
to  the  main  pipe  in  front  of  the  vidve.  These  four  pipes  are  pro- 
Tided  with  suitable  cocks  or  valves  to  be  opened  and  shut 
by  hand;  and  thus  is  formed  a  small  water  pressure  engine,  by 
means  of  which  the  slide  valve  can  be  moved  either  way  when 
required. 

The  opening  and  shutting  of  a  very  large  slide  valve  is  sometimes 
&cilitated  by  making  it  in  two  divisions — a  larger  and  a  smaller. 
The  smaller  division  is  opened  first  and  closed  last :  the  effect  of 
which  IB,  that  it  alone  has  to  be  moved  against  the  resistance 
arising  from  the  greatest  difference  of  pressure  before  and  behind 
the  valve;  and  that  the  larger  division  has  only  to  be  moved 
against  the  resistance  arising  from  the  pressure  corresponding  to 
the  loss  of  head  caused  by  the  contraction  and  subsequent  enlarge- 
ment of  the  stream  in  passing  through  the  smaller  division  of  the 
orifice;  as  to  which  see  Article  99. 

B<4(Uing  aUde  valves  are  sometimes  used,  in  which  the  valve  and 
its  seat  are  a  pair  of  circular  plates,  having  one  or  more  equal  and 
similar  orifices  in  them.  The  passage  is  opened  by  turuing  the 
valve  about  its  centre  until  its  openings  are  opposite  to  those  of 
the  seat,  and  shut  by  turning  it  so  that  its  openings  are  opposite 
solid  portions  of  the  seat. 

Various  forms  of  slide  valve  peculiar  to  the  steam  engine  will  be 
described  under  the  head  of  that  class  of  prime  movers. 

121.  A  PiaiMi  Talve  is  a  piston  moving  to  and  fro  in  a  cylindei^ 
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whose  internal  surface  is  the  valve  seat.  The  port  is  formed  by  a 
rii^  or  zone  of  openings  in  the  cylinder,  commonicating  with  a 
passage  whidi  snrronnds  it;  and  by  moving  the  piston  to  either 
side  of  these  openings,  that  passage  is  put  in  communication  with 
the  opposite  end  of  the  valve  cylinder.  Details  and  particular 
forms  of  the  piston  valve  will  be  Ulustrated  &rther  on. 

122.  c^cks. — ^This  term  is  sometimes  applied  to  all  valves  which 
are  opened  and  shut  by  hand,  but  its  proper  application  is  to  those 
valves  which  are  of  iiie  form  of  a  mistum  of  a  cone,  or  conoid, 
turning  in  a  seat  of  the  same  figure. 

In  the  most  common  form  of  cock,  the  seat  is  a  hollow  cone  of 
slight  taper,  having  its  axis  at  right  angles  to  the  pipe  in  whose 
course  it  occurs.  The  valve  is  a  cone  fitting  the  seat  accurately, 
and  having  a  transverse  passage  throu^  it  of  the  same  figure  and 
size  with  the  bore  of  the  pipe,  so  that  in  one  position  it  forms 
simply  a  continuation  of  the  pipe,  and  offers  no  obstruction  to  the 
current,  while  by  turning  it  into  different  angular  positions,  the 
opening  may  be  closed  either  partially  or  wholly.  A  screw  and 
washer  at  the  smaller  end  of  the  cock  serve  to  tighten  it  in  its  seat 
"  Schiele*s  curve"  ^Article  14)  is  sometimes  used  for  cocks. 

In  a  form  of  cook  much  used  for  fire  plugs,  a  short  vertical  pipe 
rising  from  a  water  main  terminates  in  a  hollow  conical  frustum, 
tapering  slightly  upward^  and  having  an  orifice  in  its  side  leading 
into  a  lateral  pipe.  Inside  the  hoUow  cone  is  the  valve,  being 
another  cone,  also  hollow,  open  at  the  base,  closed  at  the  top,  and 
having  an  orifice  in  its  side  of  the  same  size  and  figure  with  that 
in  the  outer  cone.  This  inner  cone  is  pressed  upwards  into  the 
outer  cone  by  the  water  within  and  below  it,  which  thus  tends  to 
keep  the  joint  between  the  cones  water-tight;  and  by  turning  the 
inner  cone  into  various  angular  positions,  the  lateral  orifice  can  be 
fully  opened,  or  partially  or  wholly  closed. 

123.  Flezible  TiOm  wtd  Dtephragm  TaItcs. — A  clasS  of  valves 

has  lately  been  introduced,  in  which  an  india  rubber  or  gutta  perdia 
pipe,  which  when  fully  open  is  cylindrical,  can  be  whpUy  or  par- 
tially closed  by  pinching  it  as  if  in  a  vice,  by  means  of  a  screw. 

In  another  class  of  valves,  the  mouth  of  a  cylindrical  pipe,  from 
which  a  current  of  water  is  discharged,  has  opposite  to  it  a  flexible 
circular  diaphragm  of  india  rubber,  of  larger  diameter  than  the 
pipe,  fixed  at  &e  edges  at  such  a  distance  from  the  pipe  as 
to  leave  a  sufficient  passage  foi;  the  fluid  between  the  edge  of 
the  pipe  and  the  face  of  the  diaphraguL  Behind  the  diaphragm 
is  a  round,  slightly  convex  stopper  or  plug,  which,  when 
pushed  forward  by  means  of  a  screw,  presses  the  diaphragm 
tightly  against  the  mouth  of  the  pipe,  euxdrno^^haeB  the 
pisage.  ^  '9  '^^'  'y  VjHDOg 
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SicnoN  3. — Fhmgers,  Pistons,  <md  FaMng  of  Waier  Presswre 
JEngmes, 


124.  A  Pl^MfT  is  a  metal  cylinder,  closed  at  the  ends,  and  acca- 
Tatelj  tamed  on  the  cylindrical  soiiace,  which,  in  a  single  acting 
pomp  <»r  water  pressure  engine,  acts  at  once  as  piston  and  as  piston 
rod,  Dj  having  a  reciprocating  motion  in  a  cylinder.  The  internal 
diameter  of  t£e  cylinder  is  laiger  than  that  of  the  plunger  by  an 
amount  sofficient  to  prevent  their  touching.  Kormd  the  circolar 
aperture  throi^h  which  the  plimger  works  is  a  water-tight  "  cupped 
leather  collar,  to  be  described  in  the  next  Article.  A  section  of 
a  cylinder  showing  a  plunger  working  in  it  is  given  in  fig.  37,  a  few 
pages  farther  on. 

The  area  of  the  transverse  section  of  the  plunger,  and  not  that  of 
ihe  cylinder  in  which  it  woiks,  is  to  be  used  in  computing  the  effort 
exerted  by  the  pressure  of  the  water  upon  it. 

The  weight  of  a  plunger  is  often  made  considerable,  and  some- 
times a  loiMd  also  is  placed  upon  it,  in  order  that  energy  may  be 
stored  in  lifting  it,  and  restored  when  it  desoend& 

To  exemplify  the  mode  of  adjusting  the  weight  and  load  of  the 
phmger  for  that  purpose,  let  W  denote  the  gross  weight  of  the 
plunger  and  load  of  a  single  acting  water  pressure  engine,  which  is 
to  be  adjusted  in  such  a  manner  that  the  useful  resistance  overcome 
duiing  tiie  ascent  and  descent  of  the  plimger  shall  be  equal  Let 
Bq  denote  that  useful  resistance. 

Let  Pj  be  the  effective  effort  of  the  water  on  the  plunger  during 
tilie  up  stroke;  P^,  if  positive,  the  excess  of  the  effort  of  the  atmo- 
sphere above  the  resistance  fh)m  back  pressure  of  the  water  during 
tiie  down  stroke.  If  the  latter  quantity  is  the  greater,  Pj  becomes 
negative,  and  its  sign  must  be  reversed  in  the  following  equations 
(see  Article  110)  :— 

Let  B^  be  the  Motion  during  the  up  stroke,  and  Bg  during  the 
down  stroka  ^As  to  the  firiction  of  the  collar,  see  the  next  Article.) 
Then,  during  the  up  stroke,  when  W  is  a  resistance, 

E^  =  Pi  -  R,  -  W; (1.) 

and  during  the  down  stroke,  when  W  is  an  effort, 

Bo  =  Pa  -  E,  +  W^ (2.) 

then  subtracting  (1)  from  (2),  and  dividing  by  2,  we  find, 
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125.  The  CaFPed  l««itiMr  c^iUur  througli  which  a  plunger  works 
is  shown  in  section  on  a  small  scale  in  fig.  37,  farther  on,  and  on  a 
larger  scale  in  fig.  38.  It  resembles  in  shape  an  invert^  annular 
channel;  and  is  lodged  in  an  annular  recess  surrounding  the 
plunger.  Its  hollow  channel  is  turned  towards  the  inside  of  the 
cylinder;  and  the  water,  tending  to  enlarge  that  channel,  presses 
its  outer  side  against  the  recess,  and  its  inner  side  against  the 
plunger,  and  so  keeps  a  water-tight  joint 

The  friction  between  a  plunger  and  its  leather  collar  is  given 
approximately  by  the  following  formula :  let  d  he  the  diameter  of 
the  plunger,  in  inches;  p,  the  pressure,  in  lbs.  on  the  square  inch; 
R',  the  friction,  in  lb&,  then 

According  to  Mr.  William  More's  experiments, /=  about  1*2  x 
the  depth  of  bearing  surface  of  the  collar;  and  the  friction  is, 
roughly,  one-tenth  of  the  load  in  ordinary  cases;  according  to  Mr. 
John  Blck's  experiments, /ranges  from  *05  to  *03. 

126.  iicMlier  Packed  wunmm, — A  piston  is  distinguished  from  a 
plunger  by  accurately  fitting  the  cylinder  in  which  it  works,  so  as 
to  be  water-tight,  and  by  being  of  no  greater  thickness  than  is 
necessaiy  to  make  it  water-tight  It  is  attached  to  a  rod,  strong 
enough  to  transmit  the  effort  that  acts  on  it  to  the  mechanism 
whi<i  it  drives  (see  Articles  61,  71).  The  water  acts  on  one  fiice 
of  the  piston,  or  on  both,  according  as  the  engine  is  single  acting 
or  double  acting. 

When  the  water  acts  on  that  side  of  the  piston  from  which  the 
rod  extends,  the  cylinder  cover  has  a  stuffing  box  in  its  centre, 
through  which  the  rod  works;  and  the  opening  is  made  water-tight 
by  a  leather  collar,  as  already  described,  or  by  hempen  packing. 

In  computing  the  effort  exerted  by  the  water  on  that  side  of  the 
piston  from  which  the  rod  extends,  the  sectional  area  qfthe  rod  is 
to  be  deducted  from  the  area  of  the  piston;  in  other  words,  the 
effective  area  of  the  piston  on  that  side  is  less  than  the  total  area 
in  the  ratio 

^      d^  '^' 

where  cf  is  the  diameter  of  the  rod,  and  d  that  of  the  piston. 

When  the  piston  is  to  be  packed  by  means  of  leather,  its  disc, 
which  fits  the  cylinder  easily  (and  to  which  the  rod  is  firmly 
attached  by  a  screw,  or  a  screw  and  nut,  or  a  key),  is  made  slightly 
concave  on  the  upper  and  under  faces;  then  on  each  of  those  fitces 
is  placed  a  leather  ring,  shaped  somewhat  like  a  saucer  with  a  hole 
in  the  centre,  and  having  its  edge  turned  up  all  round  so  as  to  press 
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flat  against  the  inside  of  the  cylinder  for  a  breadth  of  an  inch,  or 
sxi  inch  and  a-half,  or  thereabouts.  The  edges  of  those  leather 
rings  are  thus  turned  opposite  ways,  that  of  the  upper  ring  upwards, 
and  that  of  the  lower  ring  downwards.  Each  of  the  rings  is  held  in 
its  place  by  a  round  saucer-shaped  guard  or  piston  coyer,  bolted  or 
screwed  to  the  body  of  the  piston. 

The  friction  of  such  pistons,  like  that  of  plungers,  is  found  to  be 
about  one-tenth  of  the  effort  of  the  water. 

A  piston,  like  a  plunger,  may  be  loaded  for  the  purpose  of  storing 
energy,  and  acoordmg  to  the  same  principles. 

127.  MoMpea  PAckiMff. — ^The  IxKly  of  a  piston  which  is  to  be 
packed  with  hemp  is  from  two  to  four  inches  less  in  diameter  than 
the  cylinder  in  which  it  is  to  work ;  and  its  depth  is  about  one-sixth 
of  the  diameter  of  the  cylinder.  It  bulges  a  little  at  the  middle  of 
its  depth.  Boimd  its  base  there  projects  a  horizontal  flange,  whose 
rim  fits  the  cylinder  easily.  Above  that  flange  and  round  the  body 
of  the  piston  is  wrapped  the  packing,  consisting  either  of  loose 
hemp,  or  of  a  soft  loosely  spun  hempen  rope,  called  "gasket,*' 
43oaked  with  grease.  Above  the  packing  is  a  ring  of  the  same  size 
and  figure  with  the  flange,  for  pressing  the  packing  down,  and 
causing  it  to  fit  tightly  in  the  cylinder.  This  "junk-ring"  is  held 
down  and  can  be  moved  towards  the  flange  so  as  to  compress  the 
packing  when  required,  by  means  of  screws. 

The  stuffing  box  of  a  piston  rod  is  packed  with  hemp  in  a  similar 
manner,  the  hemp  being  pressed  down  and  made  to  fit  tightly  roimd 
the  piston  rod  by  means  of  the  stuffing  box  cover  and  its  bolts  or 
screws. 

Section  4. — Of  Hydraulic  Preasea  cmd  Hoists, 

128.  The  Mydniallc  PreM  is  supplied  with  water  from  an  arti- 
ficial source,  as  stated  in  Article  97,  and  is  therefore  not  a  prime 
mover,  but  a  piece  of  mechanism  for  conveniently  applying  the 
energy  of  the  muscular  power,  or  steam  power,  by  which  its  supply 
pumps  are  worked.  It  is  described  here  first  on  account  of  its 
exemplifying  in  a  simple  form  various  parts  which  enter  into  water 
pressure  engines  generally. 

Fig.  36  is  an  devation  of  a  hydraulic  press  supplied  by  a  hand 
forcing  pump;  ^g.  37  is  a  vertical  section  of  l^e  cylinder  and 
pump;  and  fig.  38  represents  the  plunger  collar :  these  figures  have 
already  been  referred  to  in  Articles  124,  125.  Fig.  39  is  the 
safety  valve,  differing  firom  that  previously  shown  in  Article  113 
only  in  being  so  small  that  the  spindle  is  of  as  great  diameter  as 
the  valve. 

A  is  the  press  cylinder,  made  thick  enough  to  resist  the  pressure, 
according  to  the  principles  of  Article  64.     The  bottom  should  be 

K 
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fegmental  or  hemispberical,  not  flat   B  is  the  plunger;  Q  its  oollar 
(mc  AriicleB  124,  125);  C  a  plate  carried  on  Uie  head  of  the 


Hg.  86. 


Kg.  87. 


Fig.  88. 


Fig.  89. 


plunger;  D  the  upper  plate  of  the  press;  E  standards  guiding  the 
motion  of  the  plate  C,  and  strong  enough  to  resist  a  working  ten- 
sion equal  to  the  force  to  be  exerted  by  the  plunger.     F  is  the 
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pomp  cylinder,  I  its  plimger,  and  K  a  guide  for  the  plunger  rod. 
G  IB  the  pump  handle ;  H  and  H'  are  two  alternative  oenties,  about 
either  of  which  it  can  be  made  to  work,  so  as  to  give  a  greater  or  a 
less  leverage  as  required.  L  is  the  supply  pipe  of  the  press  cylinder, 
through  which  water  is  forced  into  it  by  the  pump.  It  contains  a 
self-acting  clack,  N,  opening  towards  the  press  cylinder,  to  prevent 
the  return  of  water  towards  the  piunp.  M  is  ihe  supply  valve  or 
suction  valve  of  the  pump,  being  a  clack  opening  upwards;  O  is 
the  safety  valve,  P  its  weight;  R  the  escape  valve  or  discharge 
valve,  being  a  conical  plug  worked  by  means  of  a  screw,  kept  shut 
while  the  plunger  is  being  raised,  and  opened,  so  as  to  let  the  water 
escape  from  the  press  cylinder,  when  the  plunger  is  to  be  allowed 
to  descend  by  its  weight.  The  discharge  pipe,  leading  from  this 
valve  to  a  tank  frt>m  which  the  pump  draws  its  water,  is  the  tail 
race  of  the  machine. 

The  following  formulse  relate  to  the  efficiency  of  the  hydraulic 
press,  aud  show  how  to  compute  the  force  and  the  energy  required 
to  work  it. 

Let  K  be  the  useful  resistance  to  be  overcome  by  the  plunger  in 
rising,  and  v  the  velocity  with  which  it  is  to  rise  in  feet  per  second. 
Then  the  useful  work  per  second  is 

Rv (1.) 

Let  "W"  be  the  weight  of  the  plunger;  then  R  +  W  is  the  gross 
load  of  the  plunder.  To  this  has  to  be  added,  for  friction,  a 
quantity  estimated  by  the  formula  of  Article  125,  so  that  the  effort 
of  the  water  on  the  plunger  is  nearly 


P  =  (R4.W)(l4.'^) (2.) 


A  being  the  area,  and  d  the  diameter  of  the  plunger.  Then 
the  intensity  of  tiie  effective  pressure  of  the  water  in  the  press 
cylinder  ought  to  be 


-|-2^(>*^x') « 


y-s- 

in  pounds  on  the  square  foot  or  square  inch,  according  as  A  is  in 
square  feet  or  square  inches. 

Let  a'  be  the  sectional  area  of  the  supply  pipe  L;  then  — y 

a 
18  the  velocity  with  which  the  water  flows  through  that  pipe;  and 

•^ — ^  the  height  due  to  that  velocity.  Digitized  by  Googlc 


132  WATER  POWIR  AKD  WIND  POWER. 

Let  2  *  F  be  the  sum  of  the  various  factors  of  redgiance  due  to 
-the  length  and  diameter  of  that  pipe,  and  the  several  bends,  knees, 
•contractions,  enlargements,  and  other  causes  of  resistance  which 
occur  in  its  course,  computed  according  to  the  principles  of  Article 
99.  The  head  due  to  the  velocity  of  l£e  current  in  ^e  pipe  is  lost 
owing  to  the  sudden  enlargement  of  the  channel  in  entering  the 
cylinder.     Hence  the  loss  of  head  in  the  pipe  is 

A  =  (l  +  2-F)^i (4.) 

Let  p'  =  D  ^  be  the  pressure  equivalent  to  this  loss  of  head.    Then 

P+P' (5.) 

is  the  pressure  in  the  pump;  and  if  a  be  the  area  of  the  pump 
plunger, 

a  {p  +p') (6.) 

is  the  effort  to  be  exerted  by  it  on  the  water,  with  a  velocity ; 

so  that  the  energy  exerted  per  second  by  the  pump  plunger  on  the 
water  is 

vAip+p') (7.) 

To  this  has  to  be  added  an  allowance  for  the  friction  of  the 
pump,  which,  as  it  includes  not  only  the  Mction  of  the  plunger 
collar,  but  that  of  the  mechanism  and  valves,  may  be  estimated  at 
about  one-fifth  of  the  effort  on  the  water;  giving  for  the  whole 
energy  expended  per  second, 

|»A(p+|0 (8.) 

Comparing  this  with  the  expression  (1)  for  the  useful  work,  it 
appears  that  the  efficiency/  of  the  machine  is 

6   A{p  +p') ^'^'f 

Let  n  be  the  ratio  of  the  velocity  of  the  pump  handle  to  that  of 
the  pump  plunger;  then 

n  A.V 
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is  ihe  effective  vdoeUy  of  the  pomp  handle,  reckoning  down  strokes 
onlj,  and 

^^*^ ("•) 

is  the  effort  required  there.  The  effort  which  would  have  been 
required,  had  there  been  no  friction  and  no  loss  of  head,  and  no 
load  except  the  useful  load,  would  have  been 

» w 

being  less  than  the  actual  effort  (11)  in  the  same  proportion  in 
whidi  the  efficiency  (9)  is  less  than  unity. 

In  order  to  produce  a  continuous  current  of  water  into  the  press 
cylinder,  there  are  sometimes  a  pair  of  pumps  having  their  plungers 
connected  to  the  opposite  arms  of  a  lever  with  two  arms  of  equal 
length,  so  as  to  p^orm  their  down  strokes  alternately.  At  the 
end  of  each  arm  of  the  lever  is  a  cross  bar  for  the  workmen  to  lay 
hold  of. 

When  the  pumps  are  worked  by  a  steam  engine,  it  is  usual  to 
have  a  set  of  three,  with  their  plungers  respectively  connected  with 
three  cranks  on  one  shaft,  making  angles  of  120°  with  each  other. 
Let  8  be  the  length  of  stroke  of  one  of  them,  a  the  area  of  its 
plunger,  T  the  number  of  revdutioTia  made  by  the  shaft  in  a  second ; 
then,  as  the  quantity  of  water  required  per  second  is  «?  A,  we  must 
ha^ 

3  T  a  «  =  t?  A (13.) 

The  hydraulic  press  may  be  worked  by  water  from  a  natural 
source;  in  which  case  the  waste  of  energy  owing  to  the  friction  of 
the  pump  disappears,  and  the  efficiency  becomes  simply 

A(p+y)' ^^*-^ 

the  flow  and  total  head  required  to  drive  the  machine  being 
respectively 

Q  =  V  A (15.) 

H=^ (16.) 

129.  Water  Pmmmm  M«lMs  mmA  PwcIuwm. — The  simplest  water 
pressure  hoist  is  a  hydraulic  press,  having  on  the  top  of  its  press 
plunger  a  cross-head,  from  the  ends  of  which  hang  chains  for  lifting 
a  load.  Such  was  the  apparatus  used  in  raising  the  girders  of  the 
Britannia  Bndge.  '3  '^^^  ^y  LjOOglC 
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For  this  machine,  B,  in  the  equations  of  the  preceding  Artide, 
represents  the  load  to  be  lifted,  and  W  the  weight  of  the  plunger, 
cross-head,  and  chains. 

To  a  similar  class  belongs  the  water  pressure  hoist  or  purchase 
invented  by  Mr.  Miller  for  dragging  ships  up  the  inclined  plane  of 
''  Morton's  slip."  In  this  machine  the  press  cylinder  is  placed  at 
the  upper  end  of  the  inclined  plane,  and  at  an  inclination  equal  to 
that  of  the  plane;  and  the  tractive  force  is  exerted  upon  the  chain 
which  drags  the  vessel  either  by  a  plunger  with  a  cross-head,  or  by  a 
piston  wii^  a  piston  rod  passing  through  a  stuffing  box  in  the  bot- 
tom of  the  cylinder ;  the  effective  area  of  piston  A  in  the  latter  case 
being  the  total  ai^^a  less  than  the  sectional  area  of  the  piston  rod. 

Let  i  denote  the  angle  of  inclination  of  the  slip; 

/,  a  co-efficient  of  fiiction,  whose  value  is  about  wj 

Wp  the  weight  of  the  ship; 

It|,  her  total  resistance  to  being  dragged  up  the  slip ;  then 

Ri  =  Wj  (sin  I  +/coa  t) (1.) 

and  if  t?  be  the  velocity  with  which  she  is  to  be  dragged,  the  use/vl 
loork  per  secondis 

^i" (2.) 

Let  Wg  be  the  weight  of  the  cradle,  chains,  piston  or  plunger, 
and  every  additional  weight  which  moves  along  with  them;  tibien 
the  resifirfcance 

R^  +  E^  =  (Wj  +  Wj)  (sin  i  +/COS  t)....,....(3.) 

is  to  be  substituted  for  R  +  "W  in  equations  2,  3,  and  9,  of  Article 
128,  when  the  formulae  of  that  Article  will  all  become  applicable 
to  the  machine  now  in  question. 

130.  Water  Pr«Mnre  Cage  Hoiat.  —  A  water  pressure  hoist  for 
raising  and  lowering  a  cage  containing  mineral  wagons,  or  other 
heavy  bodies,  consLsts  essentially  of  the  following  parts  : — 

L  n.  EEL  A  frame,  carrying  pulleys,  a  chain  passing  over  the 
pulleys,  and  a  cage  hung  to  one  end  of  the  chain,  as  already 
described  for  a  budket  hoist  in  Article  101. 

lY.  A  vertical  or  nearly  vertical  hoist  cr/linder,  firmly  fixed  to 
one  side  of  the  frame,  and  having  a  leather  packed  piston  (Article 
126)  with  a  piston  rod  passing  upwards  through  a  stuffing  box  in 
the  cylinder  cover.  The  upper  end  of  the  piston  rod  carries  a  pulley, 
\i8ually  about  thirty  or  tkirty-six  inches  in  diameter.  The  chain 
is  carried  imder  this  pulley,  and  its  end  made  iast  to  the  top  of 
the  frame ;  the  eflect  of  which  is,  that  the  velocity  of  the  piston  is 
one-half  of  that  of  the  cage ;  and  the  length  of  stroke  of  the  piston 
is  one-half  of  the  lift.  Digitized  by  GoOglc 
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Y.  The  supply  pipe  of  the  hoist  cylinder;  having,  near  the  hoist 
cylinder,  its  regolator,  which  is  a  screw  slide  valve,  opened  and 
shut  by  hand. 

VL  The  discharge  pipe  of  the  hoist  cylinder,  having  also  its 
screw  slide  valve.     As  to  relief  clacks,  see  Article  134  A. 

Vn.  The  stoire  cylinder,  fix)m  which  the  supply  pipe  of  the  hoist 
cylinder  comes,  resembles  a  hydraulic  press,  with  its  collared 
plunger.  It  is  destined  to  contain  a  reserve  of  water  to  supply  the 
hoist  when  it  is  occasionally  worked  so  rapidly  as  to  expend  water 
faster  than  the  source  can  supply  it.  The  store  cylinder  is  re- 
plenished with  water  £rom  the  source  in  the  intervals  when  tike 
hoist  is  standing  idle.  The  plunger  of  the  store  cylinder  is  loaded 
with  a  weight  corresponding  to  the  pressure  required.  The  same 
store  cylinder,  if  large  enou^,  may  answer  for  several  hoists. 

The  store  cylinder  may  also  be  made  like  a  hydraulic  press 
inverted,  the  plimger  being  fixed,  and  standing  on  a  firm  founda^ 
tion,  with  the  supply  and  discharge  pipes  traversing  it;  and  the 
cylinder  being  moveable,,  with  its  collared  end  downwards,  and  its 
closed  end  upwards,  and  a  sufficient  weight  placed  upon  it. 

VIIL  The  supply  pipe  of  the  store  cylinder. 

IX.  The  source,  which  may  be  an  elevated  reservoir,  or  a  water 
work  main  giving  a  sufficient  flow  and  pressure,  but  which  is 
much  more  frequently  artificial,  being  a  set  of  forcing  pumps 
worked  by  a  steam  engine,  as  described  in  Article  128. 

The  following  are  the  formulae  applicable  to  machines  of  this  kind. 

Let  IL  be  the  useful  load  to  be  lifted,  Sj  the  height  to  which  it 
is  to  be  lifted  in  the  time  t  with  the  velocity  v^  =  «^  ^  ^ ;  then  the 
useful  vxjrJc  per  second  is 

Bl"!- (1) 

An  ordinary  value  of  v^  is  one  foot  per  second. 

For  a  first  rough  estmiate  of  the  power  required  to  produce  this 

eflect,  the  efficiency  of  the  whole  machine  may  be  taken  approxi- 

2 
mately  at  ^ ;  so  that  the  energy  expcTidedper  second  will  be 

3 
DQH  =  ^IliVi,  TicarZy. (2.) 

The  object  of  making  this  rough  estimate  is  to  fix  the  size  of  the 
hoist  cylinder.  If  the  source  is  a  reservoir  or  a  water  work  pipe, 
the  total  head  H  is  in  general  fixed ;  if  the  source  is  artificial, 
there  are  in  most  cases  reasons  which  ^  a  limit  to  H ;  it  is  seldom, 
for  example,  desirable  to  exceed  500  or  600  feet.  The  value  of  H 
having  been  fixed  approximately,  we  have  for  the  flowsof  water  per 
second  whHe  the  cage  is  being  lifted—  ^  '^^^  ^^  ^OO^ 
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314  t>^   ,3. 

and  for  the  flow  per  stroke  of  the  hoist^  which  is  the  effective 
volume  of  the  hoist  <r^linde 


Q^  =  l^  =  ^ (^') 


2IDH"-  2 

A^  being  the  ^ective  area  of  the  piston;  that  is,  the  excess  of  the 
area  of  the  piston  above  that  of  the  piston  rod ;  and  «^  -^  2  its 
length  of  stroke,  so  that 

-.=^=5! <»•> 

When  H  is  limited  to  500  feet^  the  piston  rod  may  be  made  one- 
fiftieth  of  the  area,  or  about  one-seventh  of  the  diameter,  of  the 
piston;  so  that  we  shall  have  in  that  case— 


DvimOer  o/pUlon  =  y^ji|l^_  =  lU  JA^...{6.) 

Let  Wi  be  the  weight  of  the  cage ;  then 

Rx  +  W, (7.) 

is  the  working  tension  on  the  chain;  and  six  times  this  should  be 
the  ultimate  strength  of  the  chain.  Let  W^  be  the  weight  of  the 
chain  and  pulleys ;  then 

^~     10     +I0 ^^'^ 

will  be  very  nearly  the  friction  of  the  mechanism, 

Liasmudi  as  by  the  tackle  used,  the  velocity  of  the  piston  is 
half  that  of  the  chain,  we  shall  have  for  the  tension  on  Uie  piston 
rod — 

2(Ri  +  ig; (9.) 

to  which  adding  one-tenth  for  the  friction  of  the  piston  and  rod, 
we  find  for  the  effort  p  A,  and  intensity  of  pressure  p,  exerted  by 
the  loaler  on  Hie  piston — 

22 


^  ■"  10        Aj      • 


.(10.) 


The  loss  of  head  by  the  resistance  of  the  supply  pipe,  and  the 
corresponding  presBure,  are  found  as  in  equation  4  of  Article  128, 
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with  due  attention  to  the  formube  of  Article  99.     Let  p'  be  the 

pressure  so  fonnA     Then 

^  l>+y (11) 

18  the  jw«»Mre  t»  Iht  store  cylinder  u:hm  its  nlwnger  iafaUing. 

Let  A,  be  the  area  of  the  plunger  of  tiie  store  cylinder,  to  be 
fixed  in  a  manner  which  will  be  afterwards  explained;  and  d^  its 
diameter.     Then,  adding  the  friction  of  the  collar,  we  have — 

(;>  +  ?')  (At +/^2) (12.) 

for  the  gross  load  of  tlis  store  cytinder  plunger,  including  its  own 
weight.  ... 

The  pressure  in  the  store  cylinder  %ohen  its  plunger  is  rising  is 


(l +•§)(?+!>') (13.) 


and  not  only  the  store  cylinder  hui  the  hoist  cylinder  and  supply  pipe^ 
ought  to  have  ?heir  strength  adapted  to  this  working  pressure,  by 
making  their  bursting  pressure  six-fold,  and  using  the  rules  of 
Article  64. 

Let  p"  be  the  pressure  due  to  the  resistance  of  the  supply  pipe 
leading  from  the  source  to  the  store  cylinder ;  then 

D  Hi  =pi  =  (l+^^)  (?+!>')+/ (14) 

is  the  pressure  corresponding  to  the  total  head  required  at  the 
source,  natural  or  artificial  Should  the  head  H^  calculated  bv  this 
formula  prove  greater  than  the  head  H  originally  assumed,  the 
supply  pipes  should  be  made  larger,  so  as  to  diminish  their  resist- 
ance imtil  H^  does  not  exceed  H.     As  to  this,  see  Article  108. 

Then  the  energy  expended  by  the  water  for  each  second  that  the 
hoist  works  is  ^  Q  ^  J)  Q  jj^ (15^ 

and  the  ^gieiency  of  Ae  fail  ofvoaUr  is 

^ (16.) 

K  the  source  is  artificial,  the  work  lost  in  overcoming  the  fric- 
tion of  the  pumps  or  other  mechanism  used  in  producing  it  is  to  be 
added  to  p^  Q  in  estimating  the  whole  energy  expended  per  second 
of  working  of  the  hoist  and  the  resultant  efficiency  of  the  entire 
machine. 

A  single  store  cylinder  and  a  single  source  or  set  of  pumps  may 
supply  either  one  hoist  or  several     To  find  the  rate  of  flow  from 
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the  pumps  or  other  source  into  the  store  cylinder,  ascertain  the 
length  of  the  interval  during  which  the  hoists  usually  stand  idle, 
and  add  to  it  the  length  of  the  following  interval  during  which 
they  are  at  work.  Let  T  be  the  number  of  seconds  in  the  whole 
period  so  found ;  and  of  these  seconds  let  T,  be  the  number  of 
seconds  during  which  any  hoist  is  rising,  ana  Q  the  quantity  of 
water  it  requires  per  second  while  rising.  Then  summing  the 
quantities  for  all  the  hoists — 

2-QTi (17.) 

is  the  quantity  of  water  required  in  each  period  of  T  seconds;  so 
that  the  uniform  rate  of  flow  from  the  source  into  the  store 
cylinder  should  be 

V  .  OT 
Q,  =  tL^; (18.) 

giving  for  the  uniform  power  of  the  £gJ1,  in  foot-pounds  per  second. 

The  capacity  abaolviely  necesaa/ry  for  the  store  cylinder  is 

^2A,  =  2-QTi-Q2-Ti (19.) 

(«2  being  its  length  of  stroke) ;  but  it  is  in  general  advisable  to 
make 

ir^A^rxS-QTi (19  a.) 

In  the  preceding  description,  the  chain  tackle  is  supposed  to  be 
80  arranged  that  the  velocity  of  the  hoist  cylinder  piston  is  one- 
half  of  ttiat  of  the  cage;  but  any  required  velocity-ratio  can  be 
given  by  suitably  arranged  fixed  and  moving  pulley&  This  com- 
bination in  mechanism  of  chain-and-pulley  tackle,  with  hydraulic 
connection,  was  first  introduced  by  Sir  William  Armstrong,  who 
has  applied  it  not  only  to  hoists  but  to  cranes  and  various  other 
machines.  (See  Trans,  o/the  Inst,  of  Mechanical  Engineers,  Aug., 
1858.) 

SEcnoN  5. — 0/ Self-Acting  Water  Pressure  Engines. 

131.  QeDcnU  i^McripUoB. — ^When  a  "  water  pressure  engine"  is 
epoken  of  without  qualification,  it  is  generally  a  sdf-acting  water 
pressure  engine  that  is  meant;  that  is,  an  engine  which  differs 
from  a  mere  press,  hoist,  or  crane,  in  having  di^ributing  valves  for 
regulating  the  supply  and  discharge  of  the  water,  which  are  moved> 
directly  or  indirectly,  by  the  engine  itself;  so  that  it  is  a  machine 
having  a  periodical  motion,  which  motion  having  once  been  made 
to  commence,  goes  on  of  itself  until  it  is  stopped,  either  by  shutting 
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the  i^irottle  valve  and  so  stopping  the  supply  of  water,  or  hj  dis- 
engaging or  otherwise  stopping  the  valve  motion. 

The  distributing  valves  are  in.  general  of  the  piston  valve  kind 
(Article  121),  and  worked  by  a  small  auxiliary  water  pressure 
engine. 

Inagmuch  as  the  Motion  of  water  in  passages  vaiies  as  the  square 
of  the  velocity,  and  the  work  performed  in  overcoming  it  as  the 
cube  of  the  velocity  (other  things  being  equal), — ^and  inasmuch  as 
the  velocity  for  a  given  flow  of  water  varies  inversely  as  the  area  of 
the  passage : — ^it  is  favourable  to  the  efficiency  of  a  water  pressure 
engine,  which  is  to  perform  useful  work  at  a  given  rate,  that  its 
dimensions  should  be  made  as  large  and  its  movement  as  slow 
as  is  consistent  with  due  economy  of  first  cost  in  each  particular 
case. 

It  is  also  favourable  to  efficiency  that  the  stroke  of  the  piston 
should  be  long,  for  the  reveisal  of  its  motion  is  seldom  unaccom- 
panied by  shock;  and  at  each  such  reversal  the  position  of  the 
valves  has  to  be  altered;  both  of  which  cause  loss  of  work. 

The  most  advantageous  use,  therefore,  to  which  a  water  pressure 
engine  can  be  applied  is  the  pumping  of  water,  to  which  slow 
motion  and  a  long  stroke  are  w^  adapted,  because  they  are 
favourable  to  efficiency,  not  only  in  the  engine  but  in  the  pump 
which  it  worka 

Nevertheless,  in  situations  where  a  large  supply  of  water  at  a 
high  pressure  can  easily  and  cheaply  be  obtained,  water  pressure 
engines  have  been  used  wi&  advantage  where  considerable  speed 
is  requisite,  as  in  driving  rotating  machinery.  Vaidous  engines 
of  this  kind  have  been  designed  and  executed  by  Sir  William 
Armstrong. 

The  whole  of  the  matiiematical  pmnciples  which  apply  to  water 
pressure  engines  have- been  explained  in  the  preceding  sections  of 
this  chapter. 

Their  resultant  efficiency,  as  ascertained  by  practical  experience, 
is  stated  by  diflerent  authorities  at  values  ranging  from  0*66  to 
0-8.  The  vaiiatioBS  probably  arise  chiefly  from  difierences  in  the 
resistanod  of  the  paasageB  traversed  by  the  water,  and  perhaps  also 
to  some  extent  from  errors  in  the  mode  of  calculating  the  quantity 
of  water  used. 

In  estimating  the  probable  efficiency  of  any  proposed  water 
pressure  engine,  the  lowest  value  of  the  efficiency,  viz.,  0*66,  is  of 
course  the  safest  to  assume  as  a  rough  estimate;  but  a  closer 
approximation  may  be  obtained  by  making  a  calculation  according 
to  the  method  already  exemplifled  in  detail  in  Articles  128  and 
130 ;  tiiat  is,  commencing  with  the  resistance  of  the  useful  work 
and  the  velocity  of  the  piston,  and  computing  in  their  order  all  the 
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different  prejudicial  resistances  to  be  overcome,  and  the  quantities 
of  work  to  be  peribrmed  in  overcoming  them. 

132.  fltegle  ActiHC  Water  rvtmmn  BHslae.  —  The  example 
chosen  to  illustrate  this  kind  of  water  pressure  engine  is  a  mine 
pumping  engine,  designed  by  M.  Junkisr,  as  described  hj  Mr. 
belaunaj.  It  resembles  in  many  respects  the  pumping  engines 
of  Mr.'  Darlington. 

Fig.  40  is  a  complete  vertical  section  of  the  engine^  during  the 
indtictiany  or  admission  of  the  water  to  the  cylinder. 


Fig.  10. 


Digitized 


by  Google 


81NOLB  ACnNG  WATEB  PBESSUBE  ENGINE. 


141 


Fig.  41  is  a  yertical  section  of  the  valve  ports  and  passages 
during  the  educHon^  or  discharge  of  water  from  the  cylinder.  Both 
figures  are  lettered  alike. 

A  is  the  main  piston,  which  lifts  the 
pump  plunger  rod  hj  means  of  a  rod  tra- 
versing the  bottom  of  the  main  cylinder 
BR 

0  is  the  supply  pipe,  and  U  its  throttle 
valve. 

D  is  the  valve  port,  consisting  of  a  pipe 
connecting  the  bottom  of  the  cylinder  with 
an  annular  passage  surroundiug  the  valve 
cylinder,  as  already  described  in  Article 
121. 

E  is  the  piston  valve. 

G  the  discharge  pipe,  and  Y  its  throttle 
valve. 

When  E  is  below  D,  as  in  ^g,  40,  D 
communicates  with  C,  and  water  is  ad- 
mitted into  the  cylinder  to  raise  the  main 
piston.  When  E  is  above  D,  as  in  fig. 
41,  D  communicates  with  G-,  and  the  water 
is  discharged  from  the  cylinder  during  the 
descent  of  the  main  piston.  The  piston 
valve  E  is  notched  at  the  edges,  in  the 
manner  shown  in  the  figure,  in  order  that 
the  opening  and  closing  of  the  port  may 
take  place  by  degrees — the  water  flow- 
ing partially  through  the  notches  for 
a  short  time  before  and  after  the  edge 
of  the  piston  arrives  at  the  edge  of  the 
ports. 

The  valve  cylinder  consists  of  two  parts  of  unequal  diameter, 
the  upper  being  the  larger.  In  the  lower,  or  smaller  part,  the 
piston  valve  E  works.  In  the  upper,  or  larger  part,  wholly  above 
the  supply  pipe,  works  the  counter-piston  F ;  this  being  larger  than 

E,  and  fixed  to  the  same  rod,  the  pressure  of  the  water  between  E 
and  F  tends  to  raise  them  both.  The  upper  side  of  F  is  provided,  if 
neoessaiy,  with  a  rod,  or  a  "  trunk  "  (that  is,  a  hollow  piston  rod), 
passing  tibrough  a  stuffing  box  in  the  top  of  the  valve  cylinder. 
The  use  of  this  is  to  dimiTiish  the  effective  area  of  the  upper  side  of 

F,  so  that  it  shall  not  be  more  than  is  requisite  to  enable  the 
pressure  of  the  water,  when  admitted  through  the  port  I  into  the 
space  above  F,  to  overcome  the  friction  of  the  piston  valve  and  its 
appendages,  together  with  the  excess  of  the  pressure  on  the  lower 


Fig.  41. 
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side  of  F  above  the  effective  pressure  on  K  The  sectional  area  of 
this  rod  or  trunk,  therefore,  idiould  be  about  as  much  lees  than  .the 
area  of  E  as  the  area  of  E  is  less  than  the  whole  area  of  F. 

H  is  the  supply  pipe  and  M  the  discharge  pipe  of  the  part  of  the 
valve  cylinder  above  the  counter-piston,  which,  with  its  cylinder, 
forms  an  auxiliary  engine  to  work  the  valve  of  the  principal 
engine.  £1  is  the  piston  valve  of  this  auxiliary  engine,  which 
regulates  the  admission  and  discharge  of  the  water  through  the 
port  I,  ^cactly  as  the  main  piston  valve  E  r^ulates  the  admission 
and  discharge  of  the  water  through  the  port  D  of  the  main 
cylinder.  L  is  a  plunger  of  the  same  size  with  K,  and  fixed  to  the 
same  rod,  in  order  that  the  pressure  of  the  water  in  the  space 
between  K  and  L  may  not  tend  to  move  the  piston  valve  £•  either 
upwards  or  downwards. 

The  auxiliary  valve  rod  to  which  K  and  L  are  fixed  is  connected 
by  means  of  a  train  of  levers  and  linkwork  marked  O  Q  H  S  T, 
with  a  lever  carrying  on  its  end  a  "crutch"  P.  N  is  a  vertical 
"  ta^ppet  rod"  carried  by  the  main  piston  A,  from  which  prqjeot  the 
tappets  X  and  Y  for  moving  the  crutch  P. 

The  engine  works  in  the  following  manner : — 

Suppose,  as  in  fig.  41,  that  the  main  piston  valve  E  is  raised,  the 
water  escaping  by  the  route  D  G  from  the  main  cylinder,  and 
the  main  piston  fidling.  When  the  main  piston  approaches  the 
bottom  of  its  stroke,  the  upper  tappet  T  strikes  the  lower  hook  of 
the  crutch  P,  and  depresses  it,  together  with  the  auxiliary  piston 
valve  K. 

This  admits  water  from  the  main  supply  pipe  C,  by  the  route 
HI,  to  the  annular  space. above  the  counter-piston  F,  so  as  to 
depress  it,  together  with  the  main  piston  valve  E,  into  the  position 
shown  in  fig.  40.  Then  the  water  from  the  main  supply  pipe 
passes  through  D  into  the  main  cylinder  B  B,  and  lifts  the  main 
piston  A.  When  the  main  piston  approaches  the  top  of  its  stroke,  the 
lower  tappet  X  strikes  the  upper  hook  of  the  crutch  P,  and  raises 
it,  together  with  the  auxiliary  piston  valve  K. 

This  allows  the  water  to  be  discharged  from  the  annular  efpaoe 
above  the  countei^piston  F,  by  the  route  I M ;  so  that  the  pressure 
of  the  water  between  F  and  the  main  piston  valve  E  upon  the 
excess  of  the  area  of  F  above  that  of  E,  raises  F  and  E  together 
back  to  the  position  shown  in  ^g,  41,  cuts  ofT  the  supply  of  water 
to  the  main  cylinder,  and  opens  the  passage  for  the  dLschaige  of 
water  from  the  main  cylinder  through  1)  into  G.  The  main  piston 
then  descends,  thus  completing  a  double  stroke,  and  the  entire 
cycle  of  operations  recommences.  The  process  may  be  summed  up 
by  saying,  that  of  the  two  engines,  the  main  and^^the  au 
each  works  the  valve  of  the  other.  Qtized  by  kjOOQ 
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The  frequenoy  of  the  strokes  of  the  engine  depends  on  the  speed 
with  which  the  valve  meohanism  works ;  and  this  can  be  controlled 
by  means  of  regulating  cocks  on  H  and  M,  the  supply  and  dis- 
charge pipes  of  the  auxiliary  engine. 

133.  A  9mMm  Aftlmg  Walar  M>himmd  Bugtoe  has  a  main 
cylinder,  whose  ends  are  both  dosed,  the  main  piston  rod  passing 
out  through  a  stuffing  box  in  one  of  them,  and  each  end  being  pro- 
vided with  a  port  like  D  in  figs.  40  and  41,  communicating  with 
one  valve  cylinder,  both  of  whose  ends  communicate  with  the  dis- 
charge pipe.  The  supply  pipe  enters  the  valve  cylinder  at  the 
middle  of  its  length.  On  one  rod  are  carried  a  pair  of  equal  and 
similar  piston  vfdves,  one  for  each  port,  which  rise  and  £eJ1  to- 
gether :  the  distance  between  them  is  so  adjusted,  that  when  they 
are  raised,  and  the  upper  piston  valve  leaves  the  upper  port  in 
communication  with  the  supply  pipe,  the  lower  piston  valve  at  the 
same  time  leaves  the  lower  port  in  communication  with  the  dis- 
charge pipe  through  the  lower  end  of  the  valve  cylinder — and  that 
when  they  are  depressed,  and  the  lower  piston  valve  leaves  the 
lower  port  in  communication  with  the  supply  pipe,  the  upper  pis- 
ton valve  at  the  same  time  leaves  the  upper  port  in  communication 
with  the  discharge  pipe  through  the  upper  end  of  the  valve 
cylinder. 

The  valve  piston  rod  may  be  moved  either  directly  by  tappets, 
or  indirectly  by  a  small  auxiliaiy  engine. 

134.  B«t«tire  Water  Pre—re  EagteM. — ^In  this  class  of  engine, 
the  cylinders  are  either  double  or  single  acting,  and  the  piston 
rods,  by  means  of  connecting  rods  and  cranks,  drive  a  shaft. 
In  order  to  diminish  as  much  as  possible  the  variations  of  the 
effort  upon  the  crank  shaft,  it  is  usual  to  have  two,  three,  or 
four  cylinders  acting  in  succession;  but  a  single  cylinder  would 
answer,  if  the  fly  wheel  were  made  of  sufficient  inertm. 

The  inertia  of  the  fly  wheel  for  a  rotative  water  pressure  engine 
is  to  be  determined  by  the  same  rule  as  for  a  non-expansive  steam 
engine.     (See  Articles  52y  53.) 

The  frequency  of  the  strokes  is  greater  in  this  than  in  other 
kinds  of  water  pressure  engines;  and  therefore,  to  avoid  great  re- 
sistance, the  supply  and  discharge  pipes,  and  the  valve  ports,  must 
be  larger  as  compeared  with  the  piston  than  in  other  water  pressure 
engines.  The  best  rule  is  to  make,  if  practicable,  every  passage  of 
such  an  area,  that  the  velocity  6£  the  water  in  it  shall  not  exceed 
the  mft-gimiiTn  velocity  of  the  pistons.  The  best  valves  apx)ear  to  be 
double  piston  valves.  Engines  of  this  kind  are  very  useful  and 
convenient  for  driving  small  machines  in  towns  where  there  is  a 
copious  supply  of  water  at  a  high  pressure;  and  also  in  mines, 
where  steam  engines  might  be  inconvenient  or  unsafe.     In  the 
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latter  sitaation  they  may  be  driven  by  a  portion  of  the  water 
which  is  pumped  up  by  the  draining  engine  of  the  mine. 

The  most  saoceesful  in  practice  of  rotative  water  pressore  en- 
gines are  those  of  Sir  William  Armstrong,  as  to  which,  and  as 
to  hydraulic  cranes  and  hoists,  detailed  information  may  be  found 
in  the  TramacUons  of  the  IruHtution  of  Mechanical  Engineered 
August,  1858.  Their  efficiency  is  roughly  estimated  at  from  '66 
to -77. 

134  a.  BcUefCJliMks  form  an  important  part  of  the  engines  of 
Sir  William  Armstrong.  Their  object  is  to  preveot  the  shocks 
which  would  otherwise  occur  within  the  cylinder  on  the  closing  of 
the  port,  and  consequent  sudden  stopping  of  the  motion  of  the 
water.  A  set  of  relief  clacks  for  a  single  acting  cylinder  consists 
of  two,  one  opening  upwards,  in  a  passage  leading  from  the 
cylinder  port  into  the  supply  pipe,  and  the  o^er  opening  upwards, 
in  a  passage  leading  from  the  discharge  pipe  into  the  cylinder  port 
The  effect  is,  that  the  pressure  in  the  cylinder  cannot  rise  above 
that  in  the  supply  pipe,  nor  fiedl  below  that  in  the  exhaust  pipe. 

For  a  double  acting  cylinder,  four  clacks  are  required,  two  for 
each  port 

Supplement  to  Fart  Il.y  Chapter  /T.,  Section  2. 


134  a  c;«mvonHd  ciacIu  for  large  pumps  are  now  much  used,  in 
which  the  general  form  of  the  compound  seat  is  like  a  cone  with 
its  vertex  upwards,  and  an  inclination  of  from  45®  to  75° ;  but  the 
sides  do  not  slope,  being  formed  into  a  series  of  flat  circular  steps. 
Each  of  those  flat  steps  is  pierced  with  a  ring  of  openings,  and 
forms  the  seat  of  a  clack  or  set  of  clacks,  prevented  from  rising  too 
high  by  a  projecting  or  overhanging  portion  of  the  step  next  above. 
When  there  is  a  single  clack  to  each  step,  it  is  a  ring  of  metal  or 
india  rubber;  when  a  set  of  clacks,  they  are  leather  flaps  or  india 
rubber  balls.  (See  a  paper  by  Mr.  John  Hosking,  Trans,  Inst  of 
Mecli,  Engineers,  August,  185&) 

Section  C. — 0/  Water  Pressure  Engines  with  Air  Pistons. 

135.  The  0«BgariMi  nmchine  is  the  name  given  to  an  engine 
first  used  for  pumping  mines  at  Schemnitz,  in  Hungary,  in  which 
the  duty  of  a  piston  is  performed  by  a  mass  of  confined  air,  trans- 
mitting pressure  and  motion  from  a  stream  of  water  whose  fall 
constitutes  the  source  of  power,  to  another  mass  of  water,  whose 
elevation  to  a  given  height  is  the  useful  work  to  be  performed. 
Its  principle  is  identical  with  that  of  a  piece  of  apparatus  known 
as  "  Hero's  Fountain,"  from  having  been  described  in  the  PnetJ^ 
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maiics  of  Hero  of  Alexandria,  a  philoBopher  who  flourished  in  the 
second  centoiy  a  a 

The  flow  of  the  fall  must  ex- 
ceed the  quantity  of  water  to  be 
raised  in  a  given  time,  and  the 
head  most  exceed  the  height  to 
which  that  water  is  to  be  raised, 
in  proportions  whose  approxi- 
mate TfJues  will  afterwards  be 
pointed  out 

The  principal  parts  of  the 
machine  are  indicated  in  fig.  42. 

A,  a  tank  or  well  at  the  bot- 
tom of  a  shaft,  for  collecting  the 
water  to  be  raised. 

B,  an  air-tight  receiver,  of 
sufficient  strength  to  resist  the 
greatest  internal  pressure  that 
acts  in  the  apparatus,  wholly  im- 
mersed in  the  water  of  the  well 
This  may  be  called  the  pump 
barrel.  The  bottom  of  the  re- 
ceiver must  not  touch  the  bottom 
of  the  well,  for  there  must  be 
space  enou^  between  to  admit 
the  access  of  the  water  of  the 
well  to 

C,  a  clack  opening  inwards,  in 
the  bottom  of  the  receiver  B. 

D,  a  delivery  pipe,  rising  firom 
near  the  bottom  of  B  to  the  drain 
at  the  top  of  the  shaft  which 
carries  away  the  water  raised. 
It  is  desirable,  though  not  abso- 
lutely necessary,  to  have  at  the 
bottom  of  D  a  clack  opening  up- 
wards. 

E,  an  air-tight  receiver,  at 
least  as  strong  as  B,  which  cor- 
responds to  the  cylinder  of  a 
common  water  pressure  engine, 
and  is  placed  in  any  site  near  the  top  of  the  shaft  which  is 
convenient  for  discharging  the  water  of  the  driving  source  after  it 
has  done  its  work.     This  may  be  called  the  worh/ng  harreL 

F,  the  air  pipe,  connecting  the  top  of  the  pump  barr^lj^gHh  the 
top  of  the  working  barrel  K  m  ze    y  ^ 


=^^ 


Fig.  42. 
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G,  tlte  ufo&ie  air  cocky  at  the  top  of  R 

H,  the  discharge  valve,  at  the  bottom  of  E,  for  dischargn^  the 
-water  which  has  performed  its  work  in  the  working  barrel 

I,  a  reservoir,  at  the  top  of  the  fsJL 

K,  the  supply  pipe,  connecting  that  reseryoir  with  the  boti<nn  of 
the  working  baxrol  E. 

L,  the  admiadon  valve,  near  the  bottom  of  the  supply  pipe. 

The  valves  H  and  L  may  be  opened  and  shnt  by  floats  in  tiie 
working  barrel,  or  by  a  small  auxiliary  water  pressore  engine,  or 
by  a  small  wheel  driven  by  the  water  discharged.  The  skefcch 
shows  them  as  spindle  valves ;  but  a  single  piston  valve  might  be 
made  to  do  the  duty  of  botL 

The  machine  is  set  to  work  by  opening  the  air  waste  eock  O,  L 
at  the  same  time  being  shut.  The  water  £rom  the  well  A  opens 
the  clack  C,  enters  and  fills  the  working  barrel  B,  and  drives 
out  the  air  through  G,  so  that  E  and  F  only  remain  filled  with 
air.  Then  G  is  shut,  and  remains  shut  while  the  maehine  is 
working;  H  is  shut  and  L  opened,  and  the  woi^dng  proceeds  as 
follows: — 

ThA  driving  water  from  I  descends  through  K  and  L  into  E, 
and  compresses  the  air  contained  in  £  and  F.  The  pressure  so 
exerted  on  that  air  is  transmitted  to  the  water  in  B,  and  causes  it 
to  rise  in  the  deliyery  pipe  D.  When  the  pressure  has  become 
equal  to  that  of  the  colmnn  of  water  in  D  added  to  its  resistance, 
the  lifted  water  issues  from  D  into  the  drain,  and  continues  to  do 
so  until  E  is  filled  with  water.  Then  by  the  valve  gearing,  L  is 
shut  and  H  opened;  and  the  water  in  E  is  made  to  flow  out, 
partly  by  its  own  weight,  and  partly  by  the  pressure  of  the  expand- 
ing air.  As  soon  as  the  air  has  fallen  to  its  original  pressure,  more 
water  from  the  well  flows  through  C  into  B,  and  drives  all  the  air 
back  into  F  and  E.  Then  H  is  shut  and  L  opened,  and  the  cycle 
of  operations  recommences. 

In  the  following  investigation  of  the  efficiency  of  this  ei^ine,  the 
fluctuations  of  level  of  the.  water  in  the  pumping  and  working 
barrels,  B  and  £,  are  neglected  in  comparison  with  the  height  of 
lift,  and  the  head  of  falL 

Let  Hq  denote  the  head,  of  water  which  is  equivalent  to  one 
atmosphere,  or  33*9  feet  on  an  average. 

Let  hy  be  the  height  of  the  outlet  of  the  delivery  pipe  D  above 
the  sur&ce  of  the  water  in  A ;  D,  the  weight  of  a  cubic  foot  t>f 
water,  or  62*4  lb& ;  Q^  the  number  of  cubic  feet  per  second  to  be 
nused;  then 

DQiAi (1) 

is  the  usefol  work  per  second. 

Let  h^  be  the  head  lost  by  the  resistance  in  the  pipe  D.  icom- 
puted  by  the  principles  of  Article  99;  then  JOglC 
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^0  +  ^  +  V (2.) 

is  the  head  of  water  equivalent  to  the  j»^essure  to  which  the  air 
muBt  be  compressed  in  E,  F,  and  B,  before  the  water  will  issue  from 
the  outlet  of  D.  That  pressure,  in  atmospheres,  may  be  expressed 
thus — 

„  =  H-^; (3.) 

and  the  working  pressure  which  the  barrels  and  air  pipe  must  be 
adapted  to  bear  is  n  —  1  atmospheres. 

The  volume  of  air  which  must  pass  per  second  from  E  into  B, 
while  the  water  is  being  forced  out  of  B,  is  Q^  cubic  feet  at  the 
pressure  of  n  atmospheres. 

When  air  is  compressed  or  dilated  so  suddenly  that  it  has  not 
time  to  lose  or  gain  heat  by  communication  with  adjoining  bodies, 
its  density  varies  much  more  slowly  than  its  pressure;  but  when 
there  is  time  for  all  the  heat  produced  by  compression  to  be  con- 
ducted away,  and  for  all  the  heat  which  disappears  during  expan- 
sion to  be  replaced  from  neighbouring  bodies,  the  density  varies 
very  nearly  as  the  pressure  simply.  It  is  probable  that  the  latter 
supposition  is  very  near  the  truth  in  the  present  case,  especially  as 
the  air  is  charged  with  moisture,  which  facilitates  the  communioa- 
tion  of  heat. 

Therefore,  as  the  original  pressure  of  the  air,  before  being  com- 
pressed by  the  descent  of  the  water  from  I  into  E,  is  one  atmo- 
sphere, the  volimie  of  the  mass  of  air  which  descends  per  second^ 
at  the  original  pressure,  is 

Q  =  ^Qi, (4.) 

and  this  also  is  the  volume  of  water  which  must  descend  from  the 
source  per  second,  in  order  to  perform  the  work. 

Let  B  and  E  be  taken  respectively  to  represent  the  capacities  of 
those  portions  of  the  pump  barrel  and  working  barrel  which  are 
alternately  filled  and  emptied  of  water  at  each  stroke,  and  let  F 
denote  the  capacity  of  the  air  pipe;  then  we  must  evidently  have 


.(5.) 


Let  Ag  be  the  loss  of  head  by  the  resistance  of  the  supply  pipe, 
valves,  &C.     Then  the  total  head  required  for  the  fall  is 

B,=.h,  +  h^  +  h^ ; (6.) 

so  that  the  U^tal  energy  expendedper  second  is  Digitized  bydooglc 


148  WATEB  POWER  AUS  WUTD  POWEIL 

DQH  =  nDQi(Ai  +  A,  +  As) 
^K±h±h.j)Q^(}^  +  k^  +  k^; ^j 

and  comparing  this  with  the  useful  work  in  formula  1,  it  appears 
that  the  effidencj  of  the  engine  is 

Ql^ ^1 ^^1 /O  V 

QB,--  nih.  +  h^  +  h^''  {\  +  h^  +  h^  '  {h^  +  h^  +  h^y-'^'''^ 
The  diminution  of  ejficienoy  represented  by  the  &ctor  —  in  the 

above  expression^  and  corresponding  to  a  loss  of  head  to  the 
amount  oj 


('-s=. 


arises  from  the  loss  of  the  eneigy  exerted  in  compressing  the  air, 
and  in  agitating  the  water  in  E  and  K  during  iiie  time  of  that 
compression,  when  the  head  is  more  than  sufficient  to  produce  the 
entrance  of  the  water  with  the  proper  velocity. 

The  energy  exerted  in  compressing  the  air  is  restored  during  its 
expansion ;  but  being  wholly  employed  in  forcing  the  water  out  of 
the  discharge  valve  H,  it  is  lost  in  the  end. 

The  chief  recommendation  of  the  Hungarian  machine  appears  to 
be  its  simplicity. 

136.  Am  Air  TcsmI  is  a  sufficiently  strong  air-tight  receiver, 
generally  cylindrical,  with  a  hemispherical  top,  the  upper  part  of 
which  contains  some  imprisoned  air,  while  the  lower  part  contains 
water,  and  communicates  with  the  cylinder  or  the  supply  pipe  of 
a  water  pressure  engine,  or  any  other  vessel  or  passage  in  which 
changes  of  the  velocity  of  a  mass  of  water  occur.  The  compressi- 
bility and  expansibility  of  the  air,  admitting  of  tl^  alternate  flow 
of  a  portion  of  water  into  and  out  of  the  air  vessel,  enable  such 
changes  of  velocity  to  be  made  by  degrees.  Rotative  water  engines 
were  formerly  made  with  an  air  vessel  in  connection  with  each  end 
of  the  cylinder;  but  relief  valves  (Article  134  a)  are  now  considered 
preferabla 

Supplement  to  Part  II,,  Chapter  I.,  Article  94. 

136  A.  Water  meters  are  instruments  for  measuring  and  record- 
ing the  flow  of  water  through  pipes.  Detailed  descriptions  of 
several  kinds  may  be  found  in  the  Tramsactums  of  the  Institution  of 
Mechomioal  Engineers  for  1856. 

The  meters  now  in  ordinary  use  may  be  divided  into  two  classes : 
piston  meters  and  whed  meters.  Digitized  by  Google 
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As  an  example  of  a  piston  meter  may  be  taken  Mr.  Kennedy's^ 
wliich  is  a  small  double  acting  water  pressure  engine,  driyen  hj 
the  flow  of  water  to  be  measured.  As  it  bas  been  found,  in  other 
piston  meters,  that  the  recording  merely  the  number  of  Bbrohet 
made  by  the  piston  leads  to  errors  in  computing  the  flow,  this 
meter  is  so  constructed  that,  by  means  of  a  rack  on  the  piston  rod 
driving  pinions,  the  distance  ttaversed  by  ihe  piston  is  recorded  by 
a  train  of  wheelwork,  with  dial  plates  and  indexe& 

An  example  of  a  wheel  meter  is  that  of  Mr.  Siemens,  heing  a 
small  reacUan  turbine  or  '^  Barkei'^s  mill,*'  driven  by  the  flow.  The 
revolutions  are  recorded  by  a  train  of  wheelwork,  with  dial  plates 
and  indexes. 

Another  example  of  a  wheel  meter  is  that  of  Mr.  Gorman,  being 
a  small  /an  turbine  or  vortex  whed  driven  by  the  flow,  and  driving 
the  indexes  of  dial  plates. 

All  those  three  meters  are  found  to  answer  well  in  practice,  and 
can  be  placed  in  the  course  of  a  pipe  imder  any  pressure. 

The  ordinary  errors  of  a  good  water  meter  are  from  ^  to  1  per 
cent ;  in  extreme  cases  of  variation  of  pressure  and  speed,  errors 
may  occur  of  2^  per  cent 

The  value  of  the  revolutions  of  a  wheel  meter  should  be  ascer- 
tained experimentally,  by  finding  the  number  of  revolutions  made 
during  the  filling  of  a  tank  of  known  capacity. 
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CHAPTER  V. 

OF  VERTICAL  WATER  WHKKiifl. 

SEcnoN  1. — General  Principles, 

137.  9amA  mmA  Weir. — The  head  race  or  supply  channel  of  a 
vertical  water  wheel  commences  either  at  a  lai^e  store  reservoir^ 
being  a  natural  or  artificial  lake  in  which  the  rain&ll  of  a  district 
is  collected,  or  at  a  smaller  reservoir  or  pond,  being  an  enlargement 
in  the  course  of  a  river,  formed  by  building  a  weir  or  dam  across 
it  The  object  of  that  weir  is  not  merely  to  store  a  surplus  flow  of 
water  at  one  time,  and  employ  it  to  supply  deficiency  of  flow  at 
another,  but  to  prolong  a  high  top  water  level  from  its  natural 
situation  at  a  place  some  distance  up  the  stream,  to  a  place  as  near 
as  possible  to  the  bottom  of  the  fall,  where  the  tail  race  joins  the 
natural  channel,  and  thus  to  diminish  as  &.r  as  possible  the  loss  of 
head  arising  from  friction  in  the  head  race  and  tail  race. 

The  weir,  throughout  either  the  whole  or  a  part  of  its  length,  acts 
as  a  vxute  toeir  or  over/all^  discharging  over  its  crest  the  surplus 
flow  of  floods,  beyond  what  the  wheel  can  use. 

L  Level  of  Pond — Weir  not  Drauxned, — ^In  order  to  find  how 
high  the  water  in  the  pond  will  stand  above  the  crest  of  the  weir, 
a  formula  is  to  be  used  foimded  on  equation  2  of  Article  94,  with 
this  difference,  that  whereas  for  a  sharp  edged  notch  the  co-efficient 
of  discharge  c  is  from  0-595  to  0*667,  it  is  considerably  smaller  for 
the  flat  or  slightiy  rounded  crest  of  a  weir.  Its  values  xmder 
various  circumstances  have  been  determined  by  the  experiments  of 
Mr.  BlackwelL  For  the  purpose  at  present  in  view,  it  is  sufficiently 
accurate  to  take  the  following  average  value  : — 

For  waste  weirsy  c=:0'5  nearly (1.) 

This  gives  for  the  flow  over  the  weir,  in  cubic  feet  per  second, 

Q  =  5'35cbhi=z2'67bhi; (2.) 

so  that  the  greatest  height  h,  in  feet,  at  which  the  water  in  the 
pond  near  the  weir  stands  above  the  crest  of  the  weir  is  given  by 
the  following  formula : — 


*  "  \^&  *^^2''""e"b-y"e-OOg1^-) 
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Q  being  the  greatest  flow  in  cubic  feet  per  second,  and  b  the  breadth 
in  feet  of  the  ontlet  over  the  weir  crest 

n.  W^r  Drowned, — ^A  weir  is  said  to  be  "  drowned"  when  the 
water  in  the  channel  below  it  is  higher  than  its  crest  Let  A,  h% 
be  the  heights  of  the  water  above  the  weir  crest,  in  the  pond  and 
in  the  waste  channel  respectively;  then  the  flow  per  second  is 

Q  =  |c6y/  {^9(h-hr)].{h  +  ^ (4.) 

when  Q  and  K  are  given,  the  exact  determination  of  h  reqiiires  the 
solution  of  a  cubic  equation,  but  the  following  approximate  solution 
is  in  general  sufficient : — 

First  approximcUion,      Aj  =  A'  +  a  /  J*^ (5.) 

This  always  gives  too  great  a  result 

Second  approxmuUum.  An  amended  value  A^  of  A,  is  given  by 
the  formula 


**=*>-*'0-i-A') <«•> 


Closer  approximations  may  be  obtained  by  repeating  the  prooesa 

138.  Backwater  is  the  efiect  produced  by  the  elevation  of  the 
water  level  in  the  pond  dose  behind  the  weir,  upon  the  sur&ce  of 
the  stream  at  places  still  farther  up  its  channel 

For  a  channel  of  uniform  breadth  and  declivity,  the  following  is 
an  approximate  method  of  determining  the  figure  which  a  given 
elevation  of  the  water  close  behind  a  weir  will  cause  the  surfietce  of 
the  stream  farther  up  to  assume. 

Let  i  denote  the  rate  of  inclination  of  the  bottom  of  the  B^areun, 
which  is  also  the  rate  of  inclination  of  its  sur&oe  before  being 
altered  by  the  weir. 

Let  do  ^  ^0  natural  depth  of  the  stream,  befon  the  erection  cf 
the  weir. 

Let  \  be  the  depth  as  altered,  close  behind  the  weir. 

Let  ^2  ^  &i^7  olJier  depth  in  the  altered  port  of  the  Btreaaa. 

It  is  required  to  find  x,  the  distance  from  the  weir  in  a  directiom 
up  the  stream  at  which  the  altered  d^th  d«  will  be  found. 

Denote  the  ratio  in  which  the  depth  is  altered  ak  any  point  hj 

And  let  ^  denote  the  following  function  of  that  ratio  ^^Oglc 


,.(1.) 
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*=/;^i=|j'yp-iog.{i+^J 

.     1  ^     2r+l 

A  oonyenient  approximate  formula  for  computing  ^  is  as  follows : — 
pj^lj=.^  +  ^  +  ^ (2.) 

Compute  the  valueSy  ^^  and  ^2,  of  this  functiony  corresponding  to 
the  ratios 

ri=  iUndr«  =  ^« 

Then 


The  following  table  gives  some  values  of  ^ : — 


.(3.) 


r 

i*o 
1*1 

1*2 

1*3 

14 

1-5 
1-6 

17 


00 
•680 
•480 
•37<5 
•304 
•255 
•218 
•189 


r 

1-8 
19 

2'0 
2*2 
2*4 

2-6 

2-8 

30 


0 
•166 
•147 
•13a 
•107 
-089 
•076 
•065 
•056 


The  first  term  in  the  right  hand  side  of  the  formula  3  is  obviously 
the  distance  back  from  &e  weir  at  which  the  depth  ^2  would  be 
found  if  the  surface  of  the  water  were  level  The  second  term  is 
the  additional  distance  arising  from  the  declivity  of  that  surfeu^ 
towards  the  weir.  The  constant  264  is  an  approximation  to  2  -i-f, 
/being  the  co-efficient  of  friction.  For  a  natural  declivity  of  1  in 
264^  l£e  second  term  vanishes.  For  a  steeper  declivity,  it  becomes 
negative,  indicating  that  the  surface  of  the  water  rises  towards  the 
weir;  but  although  that  rise  really  takes  place  in  such  cases,  the 
agre^nent  of  its  true  amount  with  that  given  by  the  formula  is 
somewhat  uncertain,  inasmuch  as  the  formula  involves  assumptions 
which  are  less  exact  for  steep  than  for  moderate  natural  declivities. 
It  is  best,  therefore,  in  cases  of  natural  declivities  steeper  than  1 
in  264,  to  compute  the  extent  of  backwater  simply  from  the  first 
term  of  the  formula.  Digitized  by  OOOQ  Ic 


WASTE  SLUICES — HEAD  RACE — 8LVICE& 


153 


Fig  48. 
E  is  one  of  those  sectors ;  F  G  its  platform.    ^IHie  edge 


139.  WasM  siirfMs  in  a  wall  forming  part  of  the  weir  are  nsed  to 
enable  the  snrplns  water  of  floods  to  be  dischaiged  with  a  lower 
elevation  of  the  snr&oe  of  the  pond,  and  a  less  extent  of  backwater, 
tlian  would  be  practicable  if  all  the  sniplus  flow  had  to  pass  oyer 
the  weir-crest. 

A  9d/-acting  wade  duiee  invented 
by  a  fVench  engineer,  M.  Chanbart, 
is  shown  in  flg.  43,  which  is  a  ver- 
tical section.  It  has  been  found  to 
answer  well  where  it  is  required  to 
Tnaintain  the  sor&oe  of  the  water  in  a 
pond  or  canal  verj  accurately  at  a 
certain  level 

A  B  is  the  sluice  or  valve  plate,  re- 
presented as  shut,  its  upper  edge  A 
being  at  the  proper  water  leveL 

The  sluice  is  supported  by  a  pair  of 
cast  iron  sectors,  resting  on  horizontal 
platforms. 

of  each  sector  has  a  groove,  in  which  lies  a  cluan,  fixed  at  F  to  the 
platform,  and  at  H  to  the  sector.  This  pair  of  chains  resists  the 
tendency  of  the  water  to  press  the  sluice  forward. 

When  the  water  is  at  the  level  of  A,  the  resultant  of  its  pressure 
acts  at  a  depth  A  C  which  is  two-thxrda  of  the  whole  depth  A  B 
of  the  sluice.  Through  C  draw  C  D  perpendicular  to  A  B,  cutting 
the  centre  line  of  the  SuUn  F  H  in  D.  Then  the  sectors  and  plat- 
forms must  be  so  formed  and  placed,  that  when  the  sluice  is  shut, 
the  point  of  contact  of  each  sector  with  its  platform  shall  be 
vertically  below  D ;  and  then  the  combined  resistance  of  the  chains 
and  platforms  will  be  directly  opposed  to  the  pressure  of  the  water^ 
and  will  balance  it 

When  the  water  rises  above  A,  and  b^ins  to  overflow,  the 
centre  of  pressure  rises  above  C,  so  that  the  pressure  and  the 
resistance  are  no  longer  directly  opposed.  The  sluice  then  rolls 
upon  its  sectors  into  a  new  position  of  equilibrium,  and  in  so  doing, 
it  not  only  depresses  the  edge  A,  so  as  to  make  the  overflow  more 
rapid,  but  raises  the  edge  B,  so  as  to  make  an  outlet  at  the  bottom 
of  the  passage  B  K,  through  which  the  surplus  water  escapes  much 
more  rapidly  than  it  could  do  by  merely  overflowing. 

140.  Bead  Race  mmA  fltaUces. — To  protect  the  conduit,  which  is 
the  head  race,  from  the  surplus  water  of  floods,  it  is  advisable  that 
between  it  and  the  natural  stream  there  should  be  a  wall  or  an 
embankment  rising  a  sufficient  height  (say  from  two  to  three  feet) 
above  the  highest  level  of  floods;  and  also  that  a  similar  wall  or 
embankment  should  extend  across  the  upper  end  of  the  conduit. 
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where  it  leaves  the  pond.  In  the  latter  sitimtion  a  waJI  is  the  more 
suitable.  It  is  tra.yersed  by  a  passage  for  admitting  water  from  the 
pond  to  the  conduit,  capable  of  being  dosed  or  opened  to  a  greater 
or  less  extent,  by  means  of  one  or  more  dtdces^  which  are  slide 
valves  moving  vertically  in  guides,  made  of  timber  or  bxm,  and 
moved  by  means  of  a  screw,  or  of  a  rack  and  pioion.  It  is  advis- 
able not  to  make  sluices  broader  than  about  four  or  five  feet  If  a 
greater  width  of  opening  is  required,  the  passage  from  the  pond  into 
the  conduit  should  be  divided  by  walls  or  piers  into  a  sufficient 
number  of  parallel  passages,  each  furnished  with  a  sluice. 

The  loss  of  head  at  a  sluice  is  to  be  found  by  the  principles  of 
Ai-tick  99,  Division  V. 

The  channel  of  the  head  race  is  to  be  made  as  lai^  as  is  con- 
sistent with  proper  economy  in  first  cost  Supposing  its  flow  Q  in. 
cubic  feet  per  second,  and  its  figure  and  dimensions,  to  be  fixed 
beforehand,  the  declivity  which  it  reqtdres  is  to  be  computed  by  the 
principles  of  Article  99,  Division  VL,  equations  13,  15,  16,  17. 

Supposing  the  flow  Q,  and  the  rate  of  declivity  iz=h-i-l  {h  being 
the  &l11),  to  be  given,  the  figure  and  transverse  dimensions  of  the 
channel  are  to  be  fixed  in  the  following  manner  : — 

The  form  of  least  resistance  for  the  cross-section  of  an  open 
channel  of  a  given  area  A,  is  obviously  a  semicircle;  its  border  b 
being  the  shortest  which  can  enclose  the  given  area.  Its  hydravlic 
WMm  depth  is  one-half  of  its  radius;  that  is,  r  being  its  radius,  and 
also  the  maximum  dep^  of  water  in  it,  and  m  the  hydraulic  mean 
depth, 

^=6=2 ^^-^ 

Mr.  Neville  has  shown,  that  if  it  is  necessary  that  the  cross- 
section  of  a  channel  should  be  bounded  by  straight  lines,  the  form 
of  least  resistance,  for  given  directions  of  those  lines,  is  one  in 
which  all  the  straight  Imes  are  tangents  to  one  semicircle,  having 
for  its  radius  the  greatest  depth  of  water  in  the  channel;  and  in 
such  forms,  the  hydraulic  mean  depth  is  still  one-half  of  the  radius 

of  the  semicircle,  as  in  equa- 
tion 1.  For  example,  let  it 
be  required  to  draw  the  best 
figure  for  a  channel  with  a 
flat  bottom,  and  sides  of  a 
*_f^-r-j_r^^  given  slope.     In  ^,  44,  let 

^^-r-i_r^  ^  ^  p  represent  the  surfistce 

^8-  ^*-  of  the  water,  and  AB  =  r 

Its  greatest  depth.     With  the  radius  A  B  describe  a  semicircle  ; 
draw  a  horizontal  tangent  to  it,  E  B  F,  for  the  bottom  of  the 
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chuuiel,  aikl  a  pair  of  tangents  E  C,  F  D,  at  the  given  inclination. 
forihesideB.  The  bolder  is  6  =  0  £  F  D,  and  the  area  A  =  6  r  ~r. 
In  sach  channels,  the  length  of  each  of  the  slopes,  U^  FD,  is 
equal  to  the  half-broadth  OX 

If  the  channel  is  to  be  built  of  brick,  stone,  or  concrete,  with 
cement  or  hydraulic  mortar^  either  the  semicircular  form  may  be 
employed,  or  a  rectangular  form  with  a  flat  bottom  and  vertical 
sides)  the  breadth  beicyg  double  of  the  depth;  or  a  semirhexagon, 
ooBsisting  of  a  flat  bottom  whose  fareadui  is  equal  to  half  the 
breadth  at  the  sur&ce  of  the  water,  and  a  pair  of  slopes  indined 
at  60^  to  the  horizon.  The  second  aad  third  are  figures  which  fJEdl 
xmder  1&.  Neville's  rule;  and  the  third  ha«  the  least  resistaooe  of 
all  flgcDres  whose  bordere  consist  of  a  bottom  and  two  slopes. 

If  the  channel  is  to  be  made  of  day  with  rubble  stcme  pitching, 
Mr.  Neville's  foirn  is  to  be  used,  with  slopes  of  at  leact  1^  to  one. 

The  figure  having  been  selected,  it  is  obvious  that  the  sectional 
areas  of  all  similar  figures  will  be  prop(»rtionai  to  the  squares  of  their 
hydraulic  mean  depths;  so  that  we  may  put 

A  =  «  m2; (2.) 

n  being  a  factor  d^)ending  on  the  figure. 
For  a  scmicirde, 

»  =  2x  =  6-2832; (3.) 

For  a  half-square, 

»=8; (4.) 

For  A  half-hezagon, 

n=  4/3  =  6-928; (5.) 

For  Mr.  Neville's  figure,  with  a  flat  bottom,  and  slopes  inclined 
at  any  angle  B  to  the  horizon, 

n  =  4  (  cosec  tf  +  tan  ^  j (6.) 

The  velodty  of  flow  is 

v  =  Q  -r-nm^ , (7.) 

Making,  therefore,  the  proper  substitutions  in  equation  17  of 
Article  99.  we  find 

from  which  is  deduced  the  foUowing  value  of  the  Taguired  hj^drauUo 
mucmdepth: — 


m: 
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The  value  of  /  is  given  in  Article  9$,  equation  15,  and  contains  a 
small  term  varying  inversely  as  the  velocity.  Assuming  as  an 
approximcUe  average  value 

/=  0-007565, (10.) 

-we  find. 


-=(§gr?^R)*' - ("•) 


and  having  computed  the  required  hydraulic  mean  depth,  all  the 
other  dimensions  of  the  channel  can  be  deduced  from  it. 

The  head  race  should  have  a  waste  weir  and  sluice  of  its  own, 
near  its  lower  end,  to  prevent  the  risk  of  the  water  overflowing  its 
banks;  and  if  it  is  of  great  length,  it  may  be  advisable  to  have 
several  waste  weirs  along  its  course. 

140  A.  T«M«  •f  s«MurM  Mid  Fifth  P«w«n. — ^The  preceding  for- 
mula is  exactly  similar  to  equation  11  of  Article  108,  except  that 
in  the  present  case  the  diameter  of  the  pipe  d  is  replaced  by  the 
hydraulic  mean  depth  of  the  channel  m,  and  the  multiplier  0*23  by 
(8512n«)-t. 

Considering  that  for  pipes  and  channels  of  similar  figures,  the 
fifth  powers  of  the  corresponding  transverse  dimensions  are  propor- 
tional to  the  squares  of  l^e  volumes  of  flow,  it  appears  that  a  table 
of  squares  and  fifth  powers,  such  as  is  here  given,  is  useful  in  com- 
paring pipes  and  channels  of  different  dimensions.  Suppose,  for 
example,  that  for  two  similar  channels  of  the  same  dedivity,  the 
volumes  of  flow  are  in  a  given  proportion,  look,  in  the  column  of 
fifth  powers,  for  two  numbers  as  nearly  as  possible  in  that  propor- 
tion ;  and  opposite  them,  in  the  column  of  squares,  will  be  found 
two  numbers  nearly  proportional  to  the  corresponding  transverse 
dimensions  of  the  channels. 

141.  The  BcgaiatiHc  siaice  should  be  placed  as  dose  as  possible 
to  the  wheeL  It  delivers  the  supply  of  water  either  above  its 
upper  edge,  like  a  weir  or  notch  board,  or  between  its  lower  edge 
and  the  lower  edge  or  sill  of  the  opening  in  which  it  slides. 

The  deliveiy  above  the  sluice  is  the  best  suited  for  wheels  on 
which  the  water  acts  chiefly  by  its  weight  The  discharge  in  cubic 
feet  per  second  for  a  given  depression  of  the  upper  edge  of  the 
sluice  below  the  sur&ce  of  the  water  in  the  head  race  may  be  cal- 
culated by  the  formulae  of  Article  94,  Division  III. 

The  4elivery  between  the  lower  edge  of  the  sluice  and  the  sill  is 
the  best  suited  to  wheels  on  which  the  water  acts  chiefly  by  impulse. 
In  both  these  cases,  the  co-effident  of  discharge  for  a  vertical  sluice 
may  be  taken  on  an  average  as  ^         , 

c  =  0*7  •  ^'^  '^^"^  ^^  SlS 
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Sqnara 

Fifth  Powtf. 

Square. 

Ftflh  Power. 

lO 

100 

lOOOOO 

55 

3025 

503284375 

XI 

I  ai 

I  61051 

56 

3136 

5507  31776 

la 

144 

a  48832 

57 

3249 

6016  92057 

13 

169 

371293 

58 

3364 

6563  56768 

14 

196 

5  37824 

59 

3481 

714924299 

15 

225 

7  59375 

60 

3600 

777600000 

16 

a  56 

1048576  . 

61 

3721 

8445  96301 

17 

a  89 

14  19857 

62 

3844 

9161  32832 

x8 

324 

18  89568 

63 

3969 

9924  36543 

19 

361 

24  76099 

64 

4096 

10737  41824 

ao 

'400 

3200000 

65 

4225 

1 1602  90625 

ai 

441 

4084101 

66 

4356 

12523  32576 

22 

484 

51  53^532 

67 

4489 

I350I  25107 

•  23 

529 

^4  36343 

68 

4624 

1453933568 

24 

576 

79  62624 

69 

4761 

15640  31349 

25 

625 

97  65625 

70 

4900 

16807  00000 

26 

676 

118  81376 

71 

5041 

18042  29351 

27 

729 

143  48907 

72 

5184 

19349  17632 

a8 

784 

172  10368 

73 

5329 

2073071593 

29 

841 

205  11149 

74 

5476 

2219006624 

30 

900 

243  00000 

75 

5625 

23730  46875 

31 

9di 

286  29151 

76 

5776 

25355  25376 

32 

10  34 

335  54432 

77 

5929 

27067  84157 

33 

X089 

391  35393 

78 

6084 

28871  74368 

34 

ii5<5 

45435424 

79 

6241 

3077056399 

35 

12  as 

525  21875 

80 

6400 

32768  00000 

36 

1396 

604  66176 

81 

6561 

34867  84401 

37 

1369 

693  43957 

82 

6724 

37073  98439 

38 

1444 

792  35168 

83 

6889 

3939040643 

39 

15  21 

902  24199 

84 

7056 

4182I  19424 

40 

1600 

1024  00000 

85 

7225 

4437053^5 

41 

16  8t 

1158  56201 

86 

7396 

47042  70176 

42 

1764 

1306  91232 

87 

7569 

49842  09207 

43 

1849 

147008443 

88 

77  44 

52773  I9168 

44 

1936 

1649  16224 

89 

7921 

55840  59449 

^1 

20  a5 

1845  28125 

90 

81  00 

59049  00000 

46 

21 16 

2059  62976 

9^ 

8281 

62403  2 1 451 

47 

aao9 

2293  45007 

92 

8464 

65908  15232 

48 

2304 

2548  03968 

93 

8649 

69568  83693 

49 

2401 

2824  75249 

94 

8836 

73390  40224 

50 

2500 

.312500000 

95 

9025 

7737809375 

51 

2601 

3450  25251 

96 

92  16 

81537  26976 

52 

2704 

3802  04032 

91 

9409 

85873  40257 

53 

2809 

4181  95493 

98 

9604 

90392  07968 

.    54 

29  16 

4591  65024 

99 

9801 

9509900499 
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becauBe  the  contraction  is  partial;  but  the  sluice  is  veiy  often 
incHned ;  and  then,  for  an  inclination  of  60*^  to  the  horizon,  or 
thereabouts^ 

c  =  0-74> (2.) 

and  for  an  inclination  (^  45^,  or  less, 

c  =  0-8 (3.) 

The  r^^ating  sluice  is  moved  by  mechanism  suitable  for  adjust- 
ing its  position  with  nicety,  such  as  a  rack  and  pinion,  or  a  screw. 
142.  WaiMP  wiMel  «Tww  are  all  much  alike  in  prindpley 


Fig.  45. 


Fig.  47. 


Fig.  46. 

though  varied  in  details. 
The  single  example  here 
chosen  to  illustrate  them 
is  by  Mr.  Hewea 

Figs.  45  and  46  are 
elevations  of  this  appara- 
tus viewed  along  and 
across  a  horizontal  shaft, 
to  be  afterwards  men- 
tioned ;  fig.  47  is  a  hori- 
zontal section,  below  the 
level  of  the  pair  of  re- 
volvingpendulums,  which 
are  shown  in  the  elevation 
as  forming  the  uppermost 
part  of  the  apparatus,  and 
are  carried  by  a  vertical 
spindle,  driven  by  the 
water  wheeL 


As  to  revolving  pendulums  in  general|  see  Articles  19,  55.^^ 


WATER  WHEEL  QOYERNORS.  159 

From  the  rods  of  the  reyolring  pendnltnns  two  links  sospead  a 
sqttare  slider,  which  rotates,  rises  and  £eJ1s  with  the  balls  of  the 
pendolam,  and  from  which  projects  a  cam  A. 

From  a  vertical  shaft  D,  there  projects  a  horizontal  fork  B,  whose 
prongs  are  at  opposite  sides  of  the  pendulam  spindle.  The  end  of 
the  right-hand  prong  is  abore,  and  the  left-hand  prong  below,  the 
lerel  of  the  cam  A,  when  it  is  at  the  elevation  corresponding  to  the 
proper  speed  of  the  wheel,  so  that  the  cam  revolves  wiihont  toudi- 
ing  either  prong;  but  the  slider,  immediately  above  and  below  the 
cam,  is  of  su^  dimensions,  as  to  bring  tiie  fork  to  its  middle 
position  if  it  has  deviated  from  it. 

[In  many  water  wheel  governors,  the  fork  corresponding  to  B  is 
four-pronged,  having  one  pair  of  prongs  at  the  middle  elevation  of 
the  cam,  and  wide  enough  apart  to  allow  the  cam  to  revolve  freely 
between  them  when  the  fork  is  in  its  middle  position.  The  other 
two  prongs  are  closer  to  the  spindle,  and  one  is  above,  and  the 
other  below,  the  middle  elevation  of  the  cam,  like  the  two  prongs 
of  the  fork  shown  in  the  figures.] 

The  lower  end  of  the  pendulum-spindle  carries  a  horizontal  bevel 
wheel,  which  drives  two  vertical  bevel  wheels^  turning  loosely  on  a 
horizontal  shaft,  which  by  suitable  mechanism  is  connected  with 
the  regulating  sluica  The  vertical  bevel  wheels  obviously  rotate 
in  opposite  directions. 

E  is  a  double  clutch,  whidi  in  its  middle  position  is  fr-ee  of  both 
the  vertical  bevel  wheels;  but  which,  by  being  moved  to  one  side 
or  to  the  other,  can  be  made  to  lay  hold  of  either  of  those  wheels, 
80  as  to  make  that  wheel  communicate  its  rotation  to  the  horizontal 
shaft 

0  is  a  second  fork,  projecting  from  the  vertical  shaft  D,  and 
clasping  the  clutch,  so  as  to  regulate  its  position. 

When  the  water  wheel  goes  faster  than  its  proper  speed,  the 
pendulums  rise,  lifting  along  with  them  the  revolving  cam  A,  which 
strikes  the  upper  and  right-hand  prong  of  tiie  fork  B,  and  drives  it 
towards  the  right,  together  with  the  second  fork  C,  which  shifts 
the  clutch  so  as  to  lay  hold  of  one  of  the  vertical  bevel  whed^  and 
thus  causes  the  horizontal  shaft  to  rotate  in  such  a  direction  as  to 
close  by  degrees  the  regulating  sluice;  and  this  closing  goes  on 
until  the  water  wheel  has  resumed  its  proper  speed,  when  Uie  pen- 
dulums &11  to  their  middle  position,  and  lower  the  cam  so  that  it 
no  longer  strikes  either  prong  of  ihe  fork.  The  clutch  is  then 
disengaged  frt>m  both  wheels,  and  the  sluice  remains  in  the  position 
to  which  it  has  been  brought. 

When  the  water  wheel  goes  slower  than  its  proper  speed  the 
pendulums  sink,  lowering  at  the  same  time  the  cam  A,  which 
strikes  the  lower  and  left-hand  prong  of  the  fork  B,  and  drives  it 
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towards  the  left,  together  with  the  second  fork  0,  which  shifts  the 
dutch  so  as  to  make  it  lay  hold  of  the  other  vertical  bevel  wheel, 
and  thus  causes  the  horizontal  shaft  to  rotate  in  such  a  direction  as 
to  open  by  degrees  the  regulating  sluice ;  and  this  opening  goes  on 
untu  the  water  wheel  has  resumed  its  proper  speed,  when  the  pen- 
dulums rise  to  their  middle  position,  and  lift  l^e  cam  A  so  that  it 
no  longer  strikes  either  prong  of  the  fork.  The  clutch  is  then  dis- 
engaged from  both  wheels,  and  the  sluice  remains  in  the  position 
to  which  it  has  been  brought 

143.  A  a«<jiml  HcacrlptiMi  •f  Tertlcal  Wmfcr  WIimIs  will  now  be 
given,  and  illustrated  by  iigures  of  those  forms  of  the  different 
classes  of  wheels  which  were  most  common  before  the  latest  im- 
provements, these  Jbeing  reserved  for  the  more  detailed  descriptions 
ia  the  ensuing  sections, 

Vertical  water  wheels  may  be  classed  as  follows : — L  Overshot 
wheels  and  hreast  wheels,  being  vertical  wheels,  on  which  the  water 
acts  partly  by  its  weight,  or  by  potential  energy,  and  partly  by 
its  impulse,  or  by  actual  energy.  iL  Undershot  wheels,  being  ver- 
tical wheels,  on  which  the  water  acts  by  its  impulse.  The  follow- 
ing are  the  essential  parts  common  to  all  vertiod  water  wheels : — 
1.  The  axis  or  shafti,  and  its  gudgeons  or  joumalB.  2.  The  radiating 
parts  on  which  the  water  acts;  which  in  overshot  and  breast  wheels 
are  buckets  or  cells ;  in  undershot  wheels,  floats  or  vanes,  3.  The 
arms  or  spokes  and  other  framework  by  which  the  buckets  or  floats 
are  connected  with  the  shaft.  The  channel  or  chamber  in  which 
the  wheel  works  is  called  the  wheel  race  or  wheel  trough.  Water 
wheels  are  protected  firom  frost,  and  from  other  causes  of  stoppage 
and  injury,  by  being  enclosed  in  a  wheel  house, 

L  Overshot  and  Breast  Wheds, — ^The  water  is  supplied  to  this 
class  of  wheels  at  or  below  the  summit,  and  acts  wholly,  or 
chiefly,  by  its  weight  The  periphery  of  an  overshot  wheel  con- 
sists of  the  sole  fKote,  a  cylindrical  drum,  and  the  crotons,  being 
two  thin  verticflJ  rings,  connected  with  the  shaft  by  arms  and 
braces,  and  having  the  space  between  them  divided  into  cells  by 
curved  or  angular  trough-shaped  partitions  called  btickets.  The 
water  pours  from  the  pentstock  through  the  regulating  sluice,  some- 
times guided  by  a  spout,  into  the  openings  at  the  outer  edges  of 
the  circle  of  buckets,  filling  them  in  succession.  Formerly  the 
buckets  used  to  be  dosed  at  their  inner  sides,  which  are  parts  of 
the  sole  plate,  but  now  they  are  made  with  openings  for  the  escape 
and  re-entrance  of  air.  While  the  buckets  are  descending,  part  of 
the  water  overflows  and  escapes,  and  this  is  a  cause  of  waste  of 
energy :  as  each  bucket  arrives  at  the  lowest  point  of  its  revolution, 
it  discharges  all  its  water  into  the  tail  race,  and  ascends  empty. 
A  breast  wheel  diflei-s  from  an  overshot  wheel  chiefly  in  having 
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ilio  water  poured  into  the  buckets  at  a  somewhat  lower  elevation 
as  compared  with  the  summit  of  the  wheel,  and  in  being  provided 
with  a  casing  or  trough,  called  a  breast,  of  the  form  of  an  arc  of  a 
cylinder,  extending  £rom  the  regulating  sluice  to  the  commencement 
of  the  tail  race,  and  nearly  fitting  the  periphery  of  the  wheel,  which 
revolves  within  it.  The  effect  of  the  breast  is  to  prevent  the  over- 
flow of  water  from  the  lips  of  the  buckets  until  they  are  over  the 
tail  race.  The  usual  velocity  of  the  periphery  of  overshot  and  high 
breast  wheels  is  from  three  to  six  feet  per  second ;  and  their  avaO- 
able  efficiency,  when  well  designed  and  constructed,  is  from  0*7  to 
0*8.  The  diameter  of  an  overshot  wheel  must  be  little  less  than 
the  height  of  the  fall  of  water,  and  that  of  a  high  breast  wheel 
somewhat  greater ;  and  they  are,  consequently,  sometimes  of  enor- 
mous sice.  A  few  ecdst  exceeding  seventy  feet  in  diameter.  Wheels 
of  this  class  are  the  best  where  there  are  large  supplies  of  water 
and  falls  that  are  not  too  low. 

II.  Undershot  and  Low  Breast  Wheels, — ^Wheels  of  this  class  are 
driven  chiefly  by  the  impulse  of  water,  discharged  from  an  opening 
at  the  bottom  of  the  reservoir  with  the  velocity  produced  by  the 
fall,  against  ,/{oate  or  vanes.  Every  such  wheel  has  a  certain  velocify 
of  maadafn/wm  efficiency ,  being  the  velocity  of  the  wheel  which  gives 
the  least  possible  velocity  to  the  discharged  water,  and  bearing  a 
ratio  to  the  supply-velocity  of  the  water  which  depends  on  the  form 
of  the  floats,  out  does  not  in  any  case  differ  much  from  4.  In 
undershot  wheels  of  the  old  construction,  the  floats  are  flat  boards 
in  the  direction  of  radii  of  the  wheel,  and  the  maximum  theoretical 
efficiency  is  ^.  The  available  efficiency  is  much  less,  seldom  ex- 
ceeding ^.  An  undershot  wheel,  provided  with  a  hrnst  or  casing 
extending  as  before  described  from  the  sluice  to  the  commencement 
of  the  tail  race,  becomes  a  low  breast  wheel,  in  which  the  water 
acts  partly  by  weight,  though  chiefly  by  impulse.  This  class  of 
wheels  was  much  improved  by  Poncelet,  who  curved  the  floats  with 
a  concavity  backwards,  adjusting  their  position  and  figure  so  that 
the  water  should  be  su][>plied  to  them  without  shock,  and  should 
drop  from  them  into  the  tail  race  without  any  horizontal  velocity. 
The  maximum  theoretical  efficiency  of  such  wheels  is  as  great  as 
that  of  overshot  wheels,  but  their  available  efficiency  has  not  been 
found  to  exceed  0*6.  They  are  well  adapted  to  low  M\&  with  large 
suppb'es  of  water. 

Fig.  48  is  a  general  view  of  an  overshot  wheel  of  the  old  con- 
struction. A,  spout;  B,  shaft  and  gudgeons;  C,  spokes;  D, 
crowns,  one  having  a  toothed  ring,  for  dnving  a  pinion,  and  so 
giving  motion  to  machinery ;  E,  sole  plate ;  F,  buckets ;  G,  tail 
race,  in  which  the  water  runs  in  the  direction  opposite  to  that  of 
the  motion  of  the  adjoining  part  of  the  wheeL 
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Figs.  49,  50,  and  51,  are  vertical  sectdons  of  part  of  the  rim  of  an 
oveiahot  wheel ;  £gs.  49  and  50  showing  wooden  buckets,  and  fig. 


I|g.48. 


fig.  62. 


Fig.  6S. 


Pig.49.     Fig.  60.     Fig.  61. 

51  iron  buckets.  In  each  of  these 
figures,  B  denotes  the  crown,  £  the 
sole  plate,  F  the  buckets. 

Two  methods  were  formerly  em- 
ployed of  preventing  the  air  in  the 
buckets  from  impeding  the  entrance 
of  the  water;  one  was  to  make  a 
few  small  holes  in  the  sole 
plate,  and  the  other,  to  make 
the  wheel  broader  than  the 
spout,  so  that  the  air  could 
escape  at  the  ends  of  the 
buckets  while  the  water  en- 
tered in  the  middle.  The 
method  now  used  will  be  de- 
scribed in  the  sequel 

Fig.  52  is  a  wooden  breast 
wheel  of  the  old  construction, 
with  flat  floats.  A,  reservoir; 
B,  sluice,  worked  by  a  rack 
and  pinion;  C,  breast  and 
wheel  trou^ ;  B,  wheel ;  E, 
tail  race,  in  which  the  water 
moves  along  with  the  wheeL 
The  water  acts  on  this  wheel 
partly  by  impulse  and  partly 
by  weight 

Fig.  53  is  an  undershot 
wheel  of  the  old  construction. 
A,  reservoir;  B,  sluice;  C, 
wheel  trough ;  B,  wheel ;  E, 
tail  race,  in  which  the  water 
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moves  along  with  the  wheel     The  water  acts  on  this  wheel  wholly 
hy  impulse.  ^ 

^.l^^.^T'^  •f  w«t«r  •.  Ta.M  (partly  extracted  froni  A.  IT, 
648,  649).— The  action  of  water  "by  impulse"  against  a  solid 


Fig.  65. 


Itg.  64. 


Fig.  6d. 


F!g;67. 


surface,  is  that  pressure  which  is  exerted  by  the  water  against  the 
surface  in  consequence  of  the  velocity  and  direction  of  i£e  motion 
of  the  water  being  changed  by  contact  with  the  suiface. 

The  direction  and  amotmt  of  the  pressure  exerted  by  a  jet  or 
stream  of  water  against  the  solid  suHIeu^  are  determined  by  the 
following  principles,  which  are  the  expression  of  the  second  taw  of 
motion  {already  cited  in  Articles  14,  29,  30)^  as  applied  to  this 
case: — 

L  The  direction  of  that  pressure  is  opposite  to  the  direction  of 
the  change  produced  in  the  motion  of  the  stream  during  its  contact 
with  the  surface. 

IL  The  magnitude  of  that  pressure  bears  to  the  weight  of  water 
flowing  along  the  stream  in  a  second,  the  same  ratio  which  the 
velocity  per  second  of  the  change  in  the  motion  of  the  stream  bears 
to  the  velocity  generated  by  gravity  in  a  second  (viz.,  g  =  32*2  feet 
per  second). 

It  only  remains  to  be  shown,  how  the  direction  and  velocity  of 
the  change  of  motion  of  the  stream  are  to  be  determined. 

In  what  follows,  the  effect  of  friction  between  the  stream  and  the 
vane  is  supposed  to  be  insensible. 
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In  each  of  the  figs.  54,  55,  56,  57,  A  repreRentB  the  stream  or 
jet,  and  B  the  vane.  Fig,  54  represents  the  case  in  which  the  yane 
guides  the  stream  in  one  definite  direction  E  F ;  and  the  solution 
of  this  case  leads  to,  or  comprehends,  the  solution  of  the  others. 
Figs.  55  and  57  represent  cases  in  which  the  vane  has  a  plane  sur- 
face, and  the  stream  glances  off  it  in  various  directions.  In  fig.  55 
the  vane  is  perpendicular,  and  in  fig.  57  oblique,  to  the  direction  of 
the  stream,  i^.  56  represents  a  concave  cup-shaped  vane,  turning 
the  stream  backwards.  Corresponding  lines  on  the  different  figures 
are  marked  with  the  same  letters. 

A  jet  of  fluid  A,  striking  a  smooth  sur&ce,  is  deflected  so  as  to 
glide  along  the  sur&ce,  and  at  length  glances  off  at  the  edge  £,  in 
a  direction  tangent  to  the  surface.  As  the  particles  of  fluid  in 
contact  with  the  sur&ce  move  along  it,  and  the  only  sensible  force 
exerted  between  them  and  the  sur&ce  is  perpendicular  to  their 
direction  of  motion,  that  force  cannot  accelerate  or  retard  the 
motion  of  the  particles^  relatively  to  the  surface,  but  can  only 
deviate  it. 

When  the  surface  has  a  motion  of  translation  in  any  direction 
with  the  velocity  u,  let  B  D  represent  that  direction  and  velocity, 
and  B  0  the  direction  and  original  velocity  v  of  the  jet.  Then 
D  C  represents  the  direction  and  velocity  of  the  original  motion  of 
the  jet  relatively  to  the  surfishce.  Draw  E  F  =  D  C  tangent  to  the 
sur&ce  at  E,  where  the  jet  glances  off;  this  represents  the  relative 
velocity  and  direction  with  which  the  jet  leaves  the  surfieu^e.  Draw 
F  G  II  and  ss  B  D,  and  join  E  G;  this  last  line  represents  the 
direction  and  velocity  relatively  to  the  earth,  with  which  the  jet 
leaves  the  surface,  being  the  resultant  of  E  F  and  F  G. 

L  General  Problem. — Draw  DH  parallel  to  the  tangent  EF, 
and  equal  to  D  0;  then  will  the  base  0  H  of  the  isosceles  triangle 
0  D  H  represent  the  direction  and  velocity  of  the  change  qfmoUon 
undergone  by  the  jet  during  its  contact  with  the  vane;  so  that, 
according  to  the  fii^  of  the  principles  already  laid  down, 

H  0  is  the  direction  of  the  pressure  exerted  by  the  jet  against 
the  vane; 

and,  according  to  the  second  of  those  principles,  the  magnikide  of 
that  pressure  is 

DQ-^'j (1) 

when  D  Q  is  the  weight  of  the  flow  of  water  in  a  second. 

But  the  whole  magnitude  of  that  pressure  is  of  less  importance 
than  the  magnitude  of  that  component  of  it  which  is  an  effort  as 
respects  the  vane ;  that  is,  which  acts  along  the  direction  B  D  of 
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the  vane's  motioxL  To  find  that  effort,  H  C  in  equation  1  is  to  be 
replaced b^  its  projection  on  B D,  viz.,  hi/L;  H  L  and  0 M  being 
perpendiculars  let  &11  on  B  D  from  the  two  ends  of  H  C.  There- 
fore, let  P  denote  the  effort  required ;  then 


P  =  DQ-ii^;. 


.(2.) 


and  the  tm/ergy  pw  Mdcond  exerted  by  the  jet  on  the  vane  is 


9 


.(3.) 


diffei 


n  fig.  55,  the  line  corresponding  to  L  M  is  simply  D  C,  the 
'erence  between  the  velocities  of  the  jet  and  vane.] 
To  express  these  principles  algebraically,  let 
Vi=zBC  denote  the  original  velocity  of  the  jet ; 
t6  =  B  Dy  the  velocity  of  the  vane ; 

«  =  .t^  I)  B  0^  the  angle  between  the  directions  of  those  veloci- 
ties; 

y  =  .K^  M  D  H  =  supplement  .^EF  G,  the  angle  which  a 
tangent  to  the  vane  at  the  edge  where  the  jet  leaves  it,  makes  with 
the  direction  of  motion  of  the  vane ;  then, 


BMssv^costf;  DM  =  i;^co6«*tf; 
FH  =  DC=:^{t;;  +  u2-2ttriC0Sit}. 

DL  =  —  DHco6y(in  which  it  is  to  be  observed,  that  cosines 
of  obtuse  angles  are  negative) ;  and,  consequently, 

LM  =  t?jCOs«  —  «*  —  cosy'^Jvf  +  w*  —  2u  t^^cos  •»]  ...(4.) 

P  =  DQ*-"{v,  cos«-tt  —  cosy 
g  ( 

V  {^  +  ***  —  2  tt  Vj  cos  «] 

PttrsDQ'-SttViCos*— w'-wcosy 
9  ^ 

V  {t?f  +  tt*  —  2  w  Vj  cos  it] 

If  the  final  velocity  of  the  water,  E^  =  BH,  be  denoted  by 
^2,  its  value  is 

s=^[t^-2w(t?iC0Sit— w)+2u-cosy^(t;J+u*-2uriCos«;]  j 


.(5.) 


,..(6.) 
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From  wlikh  it  is  evident  that  equation  6  is  equivalent  to  the 
following : — 

P«  =  DQ-^'; (8.) 

that  is,  ths  energy  exerted  hy  the  wcUer  on  the  vane  is  equal  to  ths 
achud  energy  lost  by  the  water,  a  consequence  of  the  assumption 
that  the  friction  is  insensible. 

The  EPPiciENCY  of  the  action  of  the  jet  on  the  vane  is  the  ratio 
of  the  energy  exerted  on  the  vane  in  a  second  to  the  actual  energy 
of  the  flow  in  a  second;  that  is,  its  value  is 


i-k=  ^^^=i-g=i-a' 


(9) 


=  2  — •oos»--i 'cosyA/  -{  1+— — 2  — cos«  > 

Vi  vj      Vj  V     l         vl         v^  J    , 

It  is  obvious  that  there  are  two  cases  in  which  the  efficiency  is 
nothing ;  first,  when  the  vane  stands  still,  or  tt  =  0 ;  and,  secondly, 
when  the  vane  moves  at  such  a  speed  that  P  =  0  j  that  is,  when 

u-r-Vi  =  cos  «  +  sin  «  cotan  y (10.) 

For  each  particular  pair  of  angles  »  and  y,  there  is  an  inter- 
mediate value  of  the  ratio  u  h-  Vp  which  makes  the  efficiency  a 
TnaTimnni.  The  determination  of  that  ratio  in  the  most  general 
case  involves  the  solution  of  an  equation  of  the  fourth  order,  and  is 
not  useful  in  proportion  to  the  trouble  of  obtaining  it  The  ratio, 
therefore,  will  be  determined  in  those  particular  cases  only  which 
are  most  useful  

II.  Case  in  which  H  C  ||  B  D. — In  this  case,  the  pressure  exerted 
by  the  jet  on  the  vane  is  wholly  an  effort,  being  parallel  to  the 
direction  of  motion  of  the  vane.  In  order  that  it  may  be  so,  the 
angles  C  D  M,  H  D  M  =  y,  made  respectively  by  the  original  and 
final  motion  of  the  jet  relatively  to  the  vane,  with  the  direction  of 
motion  of  the  vane,  must  be  equal,  so  that 

BL  =  DM  s=  Vj  cos  «  -  w ; 

and  equations  4,  5,  6,  7,  and  9,  become 

ITM  =  2  (t?!  cos  «  -  'm)  ; (11.) 


^°^<''°"-'''-     .-e«rf^ 


P  = 

g  '      igitized 
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,  '- ^i^-) 


p    _  2  D  Q  t^  fa  COS  «  -  ^) 
**"■                 9 
V2  =  J[f^i  -  4  w  fa  COB  «  -  w)3 ; (U.) 

^9 

In  this  it  ,is  evident,  that  the  efficiency  is  nothing  when  u  is 
either  =  0^  or  =  t;^  cos  »,  and  that  the  speed  of  greatest  effldenoy  is 

^1  cos  a  /ic\ 

«*=-*--2~^ '^    '^ 

for  which  the  effort,  the  energy  exerted  per  second,  and  the  fbal 
velocity  of  the  water,  have  the  values 

p_DQyiCos^.  «y. 

p«=^^|f^; ; ^j3^j 

r2  =  v^sin»; (19.) 

and  the  greatest  efficieTicy  itself  is 

l-^  =  oos2* (20.) 

IIL  Case  of  a  Flat  Vane,  normal  to  the  Jet,  and  moving  in  the 
same  direction  (fig.  55), — In  this  case  the  water  glances  off  from  the 
edge  of  the  vane  in  aU  directions;  cos  «  =  1 ;  cos  y  =  0;  and 
equations  6,  6,  7,  and  9,  become 

P  =  DQHlZif; (21.) 

Pt.  =  DQ-"fa-">; (22.) 

rj  =  7  («^  -  2  «  »!  +  2  w") (23.) 

l_i  =  2MaJl!i) (24) 

The  greatest  efficiency  evidently  takes  place  when 

«=^^i •>.• (f.) 

,   .      ^,     ^  ^  Digitized  by  LiOOQle 

and  in  that  case  <^ 
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P  =  ^' (2C.) 

p«=^; m 

•.=-;^; (2a) 

i-*  =  5; (29.) 

•0  iliat  at  least  one-Half  of  the  enei^  of  the  jet  is  lost 

lY.  Ccue  qfa  Cup  Vans  (fig.  56). — Let  the  motion  of  this  Tane 
be  in  the  same  direction  with  that  of  the  jet,  so  that  cos  «  =  1 ; 
and  to  avoid  the  inconvenience  of  using  negative  quantities,  let 
/3  =  y  —  90^  be  the  actUe  angle  made  by  the  edge  of  the  cup,  all 
round  which  the  water  glances  off,  wi^  the  axis  of  the  cup ;  so 
that '-  cos  y  =  +  cos  <9.     Then  equations  4,  5,  6,  7,  and  9,  become 

EH  s  (t?!  -  u)  (1  +  cos  /8) ; (30.) 

P  =  DQ-^Sl=^-(1+oos/3); (31.) 

y 

p  „  =  D  Q  •  ItShSl^  (1  +coe^); (32.) 

y 

rj  =  VH-2  «  (♦'i  - «)  •  (1+  cos  /8)3 (33.) 

^_^^2u(v,-uy{l+cosfi) ^^^ 

The  speed  of  greatest  efficiency  is  obviously,  as  in  case  IIL, 

«  =  5; (35.) 

and  then 

P  =  D  Q  •  2^  •  (1  +  COS  ^) ; (36.) 

Tu  =  -DQ'p--{l  +  cMfi) ; (37.) 

r,  =  .,VO-i±fi-^); m 

1  -  /.•  =  — ^-^ •^tiz^d.brCaogl^ 
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The  f(yrm  of  greatest  effidencj  for  the  Tane  is  a  hemin^here,  for 
which  006  <9  s  1 ;  and  then,  when  liie  ^peai  of  greatest  emoieno7  is 
maintained^  we  find 

P=^; .,-.W 

'•-^; («•> 

^^,  =  0; (42.) 

1  -  *  ==  1; (43.) 

being  jp0ir/%0t  e^Scti^fUTy. 

Y.  Com  qf  a  Flat  Vane,  Miqw  to  the  Jet  (fig.  57).— In  this  case, 
the  easiest  method  of  solution  is  the  following  : — 

Let  t;'  =  D  0  be  the  velocity  of  the  jet  rdativdy  to  the  vane, 
fonnd  as  in  the  general  case.  Let  the  angle  C  D  K  which  it  makes 
with  a  normal  to  the  vane  be  denoted  by  i, 

Beaolve  i/  =  C  D  into  two  components,  vis. : — 


D  K  normal  to  the  vane  =  t/  •  cos  w ,  . 
EC  along  the  vane  =  t/  •  sin  ' 


x>s^;) 


Then  according  to  the  supposition  that  friction  is  insensible,  K  0 
IS  not  affected  in  magnitude  by  the  vane ;  but  D  K  is  entirely  taken 
away;  so  that  D  E,  in  fig.  57,  corresponds  to  H  C  in  fig.  54,  and 
represents  the  direction  and  velocity  of  the  entire  change  of 
motion  produced  by  the  action  of  the  vane  on  the  water.  Hence 
the  whole  pressure  exerted  by  the  water  on  the  vane  is  in  a  direo- 
tion  normid  to  the  vane,  and  its  magnitude  is 

F  =  DQ.llH21_'. (45.) 

y 
Now  let  u  be  the  velocity  with  which  the  vane  moves,  in  a  direc- 
tion making  the  angle  i  with  the  normal  to  its  surface;  then  the 
effort  of  the  water  on  the  vane  is 

T»      TV        >      ^  ^    t^  cos  0  oosl  ,.-. 

P  =  Fcos«  =  DQ- , (46.) 

and  the  eneigy  exerted, 

P  „  =  D  Q  •  ^^^*^^ (47.) 

y 

which  being  divided  by  D  Q  v!  -5-  2  ^,  as  in  former  cases,  gives  the 
efficiency.  gtized  by  GooqIc 

Another  mode  of  arriving  at  the  same  result  is  as  foUowr:— 
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Let  ^  be  the  angle  which  the  onginal  direction  of  the  jet  makes 
with  the  normal  to  the  vane.     Then 

V  008  ^  =:  t;^  cos  ^ -  u  COB  ); (48.) 

from  which  we  obtain 

P  =  D  Q  •  ^lC0BgC08>-t.C0S»>. ^^g  J 


Pw  =  DQ 


0 

tt  V,  •  COB  ^  COS  J  —  w2  cos^  > 

9 


1-Aj  =  2~-cos^oosJ-2^ 


cotf 


l2J. 


The  speed  of  greatest  efficiency  is 

v^  cos  ^ 

^"  2  cos  J  ' 

giving  the  following  results  : — 


P«: 


l-i  = 


COS' 


^9 


.(50.) 
.(51.) 

,.(52.) 

.(53.) 
.(54.) 
..(65.) 


which  is  independent  of\ 

145.  Beat  Ufrm  •£  Tme  f  recetre  JTet. — In  all  water  wheels, 
whether  the  water  acts  chiefly  by  weight  or  chiefly  hj  impulse,  it 
is  desirable,  in  order  to  reduce  to  as  small  an  amount  as  possible 
the  loss  of  energy  by  agitation  of  the  water,  that  the  jet,  on  first 
coming  in  contact  with  the  vane,  float,  or  bucket  lip,  should  not 
strike  it,  but  glide  along  it. 

That  object  is  attained  in  the  following  manner : — 
In  fig.  58,  O  B  E  is  a  vane,  float,  or  bucket,  moving  in  the 

direction  BD  with  the  velocity 
ti=B  D.  A  is  a  jet,  moving  in  the 
direction  B  0  with  the  velocity 
Vj=B  0,  and  first  touching  the  vane 
at  and  near  the  point  B.  Join  DC: 
then  that  line  will  represent  the 
direction  and  velocity  of  the  motion 
of  the  water  rdoHvely  to  Hie  va/ne; 
and  of  what  shape  soever  the  vane 
Fig.  58.  may  be  elsewhere,  its  surface  at  and 

near  B,  where  it  first  receives  the 
jet,  should  be  parallel  to  D  C* 
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PoKGELET'b  FiiOATa — Tliis  improYement  in  the  form  of  vanes  or 
floats  was  introduced  by  Ponoelety  and  applied  to  his  undershot 
wheels,  which  will  be  further  described  in  the  sequel  The  prin- 
ciple is  applicable  to  all  wheels  whatsoever. 

The  following  consequences  of  the  principle  are  applicable  to  the 
case  No.  IL  of  Article  144,  in  which  the  angle  y=N  D  H,  made 
by  the  edge  of  the  vane  where  the  water  glances  o£^  with  the 
direction  of  motion  of  the  vane,  is  supplementary  to  the  angle 
which  is  made  with  that  direction  by  the  original  relative  motion 
of  the  jet  This  condition  is  fulfilled  in  Foncelefs  wheels ;  for  the 
water,  after  running  up  towards  O,  to  the  vertical  height  due  to  its 
relative  velocity  DO,  returns,  and  glances  off  at  the  edge  E  near 
B;  so  that  DH,  equal  and  opposite  to  DC,  represents  the  direction 
and  velocity  of  its  final  motion  relatively  to  the  vane,  and  B  H  the 
direction  and  velocity  of  that  motion  rdativdy  to  the  earth.  It  has 
been  shown,  in  the  division  of  Article  144  just  referred  to,  that 
the  speed  of  greatest  efficiency,  neglecting  friction,  is 


(where  «=r.^  0  B  N).  Therefore,  from  0  let  fall  0  N  perpendi- 
cular to  B  N ;  bisect  B  N  in  D,  and  join  D  C  ;  then  to  this  line 
the  vane,  at  and  near  B  E,  would  have  to  be  made  parallel  if  there 
were  no  friction.     But  one  of  the  effects  of  Motion  is  to  make  the 

ri  of  greatest  efficiency  somewhat  greater  than  J  v,  cos  « ;  and 
must  be  considered  in  designing  vanes,  as  will  be  snown  in  the 
next  Article. 

146.  B«Dct  •£  FricfioB  dmrtac  impabc — In  the  two  preceding 
Articles,  the  friction,  during  the  impulse  of  the  water  on  the  vanes, 
has  been  supposed  to  be  insensible.  Nothing  precise  is  known  of 
its  mode  of  action,  and  the  following  investigation  is  in  a  great 
measure  conjectural ;  but  its  results  show  a  general  agreement  with 
those  of  experiment. 

Let  it  be  assumed,  that  the  friction  in  question  causes  a  loss  of 
energy  per  second  proportional  to  tlie  height  due  to  the  velocity  of  the 
water  rdcUively  to  me  vane;  which  velocity  is 

DC  =  V  [(^1  cos  •  -u)2  +  v}  sm^  «}. 

Then  the  loss  of  energy  per  second  by  Motion  may  be  repre- 
sented by 

I>Qj..facos^-t.)2  +  t;;sin«^ ^^  ^ 

^ff  Digitized  by  Google 

/being  an  unknown  co-efficient. 
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Let  the  case  tmder  consideTation  still  be  Case  IL  of  Article  144, 
illustrated  in  fig.  58 ;  then  referring  to  equation  13  of  Ihat  Article 
for  the  eneigy  exerted  on  the  vane  per  second  when  friction  is  not 
allowed  for,  it  appears  that^  after  deducting  loss  by  friction,  that 
eneigy  becomes 


_  ,  (t>^  008  »  -  tt)»+t^  an*  m  \ 


.(*) 


■o  that  the  effidency  is  lednoed  to 

vl  rf  ^    ' 

From  this  expression  it  is  easily  found  that  the  speed  of  greoUesi 
efficiency/  has  the  value 

^=  4+y •  ^1 «»  -; (4.) 

being  greater  than  the  speed  of  greatest  efficiency  when  friction  is 
insensible^  in  the  proportion 

4  +  2/:4+/ 

Suppose  that  the  speed  of  greatest  efficiency,  Uj,  for  a  given 
wheel  has  been  found  by  expeiiment.  Then  the  co^efficient  /  is 
given  by  the  formula 

iu^^2v^ooB^ (5.) 

•'  Vj^  cos  •— Vj    '  ^   ' 

which  value  having  been  substituted  in  equation  3,  gives  for  the 
greatest  efficiency, 

r^  «jC08«-Uj 

To  illustrate  this  by  a  numerical  example :  Suppose  that  cos  « 
s  *99 ;  sin  «  =  -125 ;  and  that  it  has  been  found  by  experiment 
that  Wj,  instead  of  being  =  Vj  cos  «  x  i>  as  would  be  the  case  if 
there  were  no  Mction,  is  v^  cos  «  x  0*6. 

Then  by  equation  5,/=  1 ;  and  by  equation  6,  1  -i  =  O-TS. 

This  r^ult  is  approximatdy  veriiied  in  practice,  as  will  after- 
wards be  shown;  and,  such  being  the  case,  it  appears  that,  in 
designing  float  boards  according  to  the  principles  of  Article  145,  B  i> 
should  be  made  =  /«  BK    (See  fig.  bZi) 
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147.  iMvMt  ActiMi  4imimiptkik9^  Urmm  wumeOmm. — The  prenore 
whicli  a  jet  exerts  agaixist  a  vane,  can  always  be  distinguished  into 
two  parts,  viz. : — 

L  The  pressure  arising  from  the  changing  the  direct  component 
Vt  008  m  of  the  velocity  of  the  water  into  the  velocity  u  of  the  vane. 
Tnis,  which  may  be  called  the  pre$aure  due  to  direct  imptdee,  has 
ahooj/a  for  its  value 

P^  =  DQ.5Li2LfL^; (1.) 

and  is  not  affected  by  friction  nor  by  any  other  cause ;  and  the 
energy  which  it  exerts  per  second  on  the  vane  is  always 

P^«  =  DQ.!i(fl£^lZ«), (2.) 

bearing  to  the  whole  actual  energy  of  the  water  the  proportion 

2  u  fa  cos  «  -u)  .^ . 
^J :' ^^'' 

whose  maximum  value,  viz., — 

^. (4.) 

corresponds  to  the  speed, 

^=-S— > (^O 

For  a  flat  vane  moving  normally,  as  in  fig.  55,  this  direct  action 
is  the  only  action  by  impulse  of  the  water  on  the  vane.  It  is  also 
the  only  action  by  impulse  when  water  enters  a  bucket  and  docs 
not  immediately  glance  out  again,  but  continues  to  move  along  with 
the  bucket 

II.  The  term  reaction  is  applied  to  the  additional  action  de- 
pending on  the  direction  and  velocity  with  which  the  water  glances 
off  from  the  vane.  It  is  this  which  is  diminished  by  the  friction 
between  the  water  and  the  vane,  or  amongst  the  particles  of  water 
which  act  on  the  vane. 

Still  referring  to  the  case  so  often  supposed,  in  which  the  water 
glances  off  at  the  same  oblicmity  with  which  it  first  glided  on  to 
ihe  vane  (Article  144,  Case  IL],  it  appears,  from  equations  12,  13, 
and  15  of  that  Article,  that  if  friction  were  insensible,  the  pressure, 
energy,  and  efficiency  due  to  reaction  would  be  simply  equal  to 
those  due  to  the  direct  action,  so  that  its  effect  would  oe  to  doublo 
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each  of  these  quantities ;  and  it  i^ypeara  further^  from  Article  146, 
equationa  2  and  3,  that  the  preBsure,  energy^  and  efficiency  due  to 
reaction,  when  Motion  is  considered,  are — 

p^-PQ/^^iOOg'^-^     ^faooBii-u)g+t>^sin«^t  ^gj 

Additional  efficiency — 

The  value  of  /  in  the  case  of  Poncelet's  yanes,  for  which  «  is  a 
small  angle,  appears  to  be  nearly  =1.  It  is  not,  however,  to  be 
taken  for  granted  that  it  has  the  same  value  for  vaues  of  other 
forms.  It  is  probable,  on  the  contrary,  that /depends  in  some  way 
on  the  angle  «,  becoming  smaller  as  «  approaches  a  right  angle,  and 
also  that  it  depends  on  the  figures  of  t^e  vanes;  but  experimental 
data  are  wantmg  to  determine  the  law  of  such  dependence. 

148.  BflteicHcr  of  Tcrtlcml  Wat«r  WImcIs  te  Cl«aend« — ^As  respects 
the  laws  of  their  efficiency,  the  vertical  water  wheels  now  in  use 
bolong  to  two  classes,  viz., — Weight  and  impulse  wheels,  com- 
prising overshot  and  breast  wheels;  and  impulse  wheds,  being 
underlet  wheels. 

I.  Weight  and  Impulse  Wheds, — Let  H  be  the  total  head,  and 
H,  =  (1-A0H. (1.) 

the  available  head  at  the  wheel,  as  reduced  for  losses  of  head> 
according  to  the  principles  of  Article  99.  This  available  head  is 
to  be  distinguished  into  two  parts,  as  follows  : — 

Hi=*<i; (2.) 

^  being  that  portion  of  the  head  which  is  employed  in  giving  the 

water  the  velocity  with  which  it  is  delivered  to  the  wheel,  and  h 
the  height  through  which  the  water  acts  directly  on  the  wheel  by 
its  weight. 

Let  u  be  the  velocity  of  the  circumference  of  the  wheel  Then 
the  total  energy  of  the  available  fall  per  second  is  composed  of  that 
due  to  action  by  weight,  D  Q  ^  and  that  due  to  direct  action  by 
impulse. 
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and  of  that  energy  a  certain  fraction,  wHch  may  be  denoted  by  V^ 
18  lost  through  leakage  or  escape  of  water,  and  various  resistances* 
which  can  only  be  ascertained  empirically ;  so  that  the  effeotiyb 
POWBB  of  the  wheel  is 

B^«=(l-y")Pu=(l-y')DQ{A+"^^^'^''~">}(3.) 
and  its  e£Eectiye  load,  reduced  to  its  circumference^ 

E,  =  (1-*")P  =  (1-*")DQ  {1+    <^' 7 '-")}. ..(4.) 

The  value  of  1  —  A/",  according  to  experiments  on  many  water 
wheeb  made  and  recorded  by  Poncelet  and  General  Morin,  ranges 
from  -74  to  *82^  and  is  on  an  average 

(1-F')  = -78  nearly (5.) 

The  EFFidENOT  of  the  wheel  is 

^_^u(^^cos--5) 

1  -^  =  (1  -r') 5 (6.) 

It  ranges  from  about  *66  to  *8  nearly. 

The  surface-velocity  u  of  the  wheel  is  fixed  by  considerations  of 
practical  convenience.  It  was  formerly  limited  to  3  feet  per  second, 
but  is  now  generally  6  feet  per  second,  or  thereabouts. 

The  velocity  of  supply  v^  corresponding  to  the  greatest  efficiency 
for  a  given  value  of  u^  is 

^^  =  55^^- (^-^ 

and  the  corresponding  greatest  efficiency  of  the  wheel, 

•      1- *"=(!- A") — i£=(i-r) — J- (8.) 

*+2i  *+— 

IL  Im/palse  wheds  are  to  be  distinguished  into  those  without 
and  those  witii  reaction.  The  old  Jlat-Jloaied  undershot  whed,  shown 
in  fig.  53,  is  an  example  of  an  impulse  wheel  without  reaction. 
The  formula  applicable  to  it  are  obtained  from  those  just  given, 
simply  by  making  h  =  0;  but  the  value  of  1  —  to"  for  it  is  only 
about  '66  or  '7,  so  that  its  greatest  efficiency  is  from  '33  to  -35. 
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The  improYed  undershot  wheels  or  **Pancdei  tched,^  is  mn 
«zample  m  an  impulse  wheel  with  reaction.  The  principle  upon 
which  the  form  of  its  vanes  depends  has  been  given  in  Article  1 45,and 
the  formula  for  its  load,  its  work  per  second,  and  the  effidenoj  of 
the  action  of  the  water  upon  it,  in  Article  146,  supposing  k"'  =  0. 
Taking,  as  in  Article  146,  the  co-efficient  of  friction /=  1,  and  multi* 
plying  by  1  — k**  to  allow  for  leakage,  Ac.,  we  find,  for  the  effbo- 
TiYB  LOAD,  POWERy  and  EFFiciENCT,  the  following  formulsB : — 

I ifc"      r  ) 

Rj  =  DQ--j— -•   |(i?jOOB«  —  u)-{5u  —  rj008«) — t^J'sirf^j 

^T)Qlp^(euvj^coBM  —  5u^  —  v^ (9.) 

ItiU  =  DQ-^^(6ttrjiCos«  — 5u2  — vj)....(10.) 

l_^-  =  -^=(l_r)(6jcos.-5:J-l)(ll.) 

The  value  of  1  —  A?"',  by  the  experiments  of  Poncelet  and  General 
Morin,  has  been  found  to  be  nearly  the  same  as  for  overshot  and 
breast  wheels; — ^that  is,  it  ranges  from  about  *75  to  -8,  and  is  on 
an  average  about — 

1  -F'=  -78 (12.) 

The  speed  of  greateH  ^ficiency  is,  as  stated  in  Article  146,  about — 

Ui=-6ri00S«; (13.) 

and  then  equations  9, 10,  and  11,  become — 

*«^  ^  ^t?,  (1-8  C08*«-l)  ,,  .^ 

1  _ 4-  =  -?»3,  =  (i _ i-')  .  (is co8« -  —  l) (16). 

Taking,  as  in  the  example  at  the  end  of  Article  liBj^eof?M^  '99, 
and  1  —  *"'=  -78,  we  find  for  the  greatest  efficiency P=''^'-*8"- 
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•78x-78  =  -608; 

Ifl— i'^=•75,webave— 
•75x•78=•585;    I- (17.) 

andifl— ir=-8,— 

•8x  -78  =  -624. 

Wh^i  a  water  wheel  works  **droumedf** — ^that  ib,  when  the  tail 
race  is  flooded,  so  as  to  immerse  the  lower  part  of  the  whed,  the 
factor  1  — It/"  is  reduced  to  about  0*6;  so  that  the  efficiency  of  a 
drcwMd  whed  is  about  three-quarters  of  that  of  a  whed  not  droumed. 

149.  Choice  •€  m  ciaaa  of  WheeL — ^Taking  the  efficiency  of  that 
part  of  the  &11  which  acts  by  weight  on  a  weight-and-impulse 
wheel  at  0*8,  and  of  that  part  which  acts  by  impulse  at  0*4,  and 
the  efficiency  of  an  impulse  wheel  at  0-6,  it  is  evident  that  the 

weight-and-impulse  wheel  is  <     ^^  l  efficient  than  the  impulse 

wheel,  according  as  the  portion  of  the  £Edl  of  the  fonner  which  acts 

by  impulse  is  <   ,        i  than  one-hal£     In  a  weight-and-impulse 

wheel,  also,  the  speed  of  the  wheel  should  be  about  half  of  that  of 
the  water  when  supplied;  that  is,  should  be  due  to  about  one- 
quarter  of  that  part  of  the  fedl  which  acts  by  impulse.     Therefore 

the  weight  and  impulse  wheel  is  <     ^  >  efficient  than  the  impulse 

wheel,  according  as  the  height  due  to  the  surface  velocity  of  the 

wheel  is  i  i        >  than  one-eighth  of  the  whole  &11  at  the  wheel 

It  is  advisable  that  the  surfSswe  velocity  of  a  water  wheel  shoidd 
not  be  less  than  6  feet  per  second.  Eight  times  the  height  due  to 
this  velocity  is  about  4^  feet;  therefore  for  all  falls  not  exceeding 
this,  the  impulse  wheel  is,  certainly  the  best;  and  the  greater  the 
i^uired  surface  velocity,  the  higher  is  the  limit*of  fall  up  to  which 
the  impulse  wheel  is  superior. 

The  rule  now  laid  down  is  of  course  only  to  be  followed  when 
there  is  no  good  reason  for  deviating  from  it. 

Bectiok  2.-0/ Overshot  and  Breast  Wheels. 

150.  Orcnhoc  sad  Brcart  Wheels  dtotlngiddicd. — In  order  that 
a  wheel  may  be  a  breast  wheel,  it  must  be  provided  with  the  "breast" 
or  circular  trough  mentioned  in  Article  143,  for  diTninishing  the 
spilling  of  water  from  the  buckets.  Although,  therefore,  the  term 
**over^ot  wheel"  was  originally  employed  to  designate  those 
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wheels  only  in  wHch  the  penstock  is  above  the  level  of  the  top 
of  the  wheel,  so  as  to  shoot  the  water  over  the  wheel,  it  is  desirable 
that  it  should  now  be  extended  to  every  bucket  wheel  which  re- 
ceives the  water  at  a  high  part  of  its  circumference,  and  is  not 
provided  with  a  breast. 

The  necessity  for  a  breast  depends  on  the  form  and  dimensions  of 
the  buckets;  and  its  presence  or  absence  does  not  affect  the  piin- 
ciples  of  the  action  of  the  wheel 

151.  l^Mcripttoa  of  m  Breaat  wh««l. — ^The  following  description 
of  a  breast  wheel,  which  may  serve  as  a  type  of  the  entire  class  of 
overshot  and  breast  wheels,  is  extracted  from  a  paper  by  Mr. 
Fairbaim. 

Fig.  59  is  a  sectional  plan  of  the  wheel,  on  a  scale  of  about  T^th 
of  the  real  dimensions.  Fig.  60  is  a  vertical 
section  perpendicular  to  the  axis  of  the  wheel, 
on  a  scaJe  of  jhr,  and  fig.  61  is  an  enlarged 
veitical  section  of  some  of  the  buckets  and 
part  of  the  sole  plate.  The  wheel  shown  is  50 
feet  in  diameter,  the  greatest  available  fidl 
being  48  feet. 

The  shrouding  of  the  wheel  is  suspended 
from  the  shaft  by  means  of  the  arms,  which  • 
are  slender  rods  of  wrought  iron,  in  this  case 
from  1^  inch  to  2  inches  in  diameter.  The 
weight  of  the  wheel  exclusive  of  the  water  in 
the  buckets,  hangs  from  the  shaft  by  those 
arms  which  point  obliquely  or  directly  down- 
wards at  the  time.  The  inner  ends  of  the 
arms  are  inserted  into  sockets  in  a  cast  iron 
nave  or  boss,  and  are  fixed  and  pulled  tight 
by  means  of  cotters  or  wedges.  Some  of  the 
arms,  marked  a,  are  perpendicular  to  the  shaft, 
and  these  support  the  greater  part  of  the 
weight;  the  other  arms,  marked  6,  run  dia- 
gonally, and  serve  to  give  stiffiiess. 

The  weight  of  the  water  in  the  buckets  is 

borne  by  the  pinion  which  transmits  motion 

Fig.  69.  to  the    machinery,   being    driven  in  inside 

gearing  by  the  cogged  ring  B.     In  the  present  example  the  pitch 

of  the  cogs  is  3^  inches,  and  their  breadth  15  inches. 

This  improvement  of  using  tension  rods  instead  of  stiff  spokes, 
and  of  placing  the  pinion  so  as  to  support  the  weight  of  the  water, 
and  relieve  t£e  wheel  shaft  of  all  load  except  l£e  weight  of  the 
wheel,  is  ascribed  to  Mr.  Hewes.  It  has  greatly  diminished  the 
weight,  cost,  and  friction  of  large  water  wheelss '^^^  by  LjOOglC 
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A  is  the  shuttle  or  regulating  sluice,  which,  as  described  in  Article 
141,  is  a  moveable  overfiEdl  delivering  water  over  its  upper  edge, 


Fig.  60. 

and  moved  by  means  of  a  rack  and  pinion,  whose  motions  are  con- 
trolled by  the  governor.  The  figure  of  the  sluice  is  that  of  a  portion 
of  a  cylinder  concentric  with  Qie  wheel ;  and  so  also  is  the  figure 
of  the  front  of  the  penstock.  The  water  is  delivered  into  the 
buckets  between  a  set  of  guide  blades,  like  the  bars  of  a  Venetian 
blind,  which  are  so  placed  as  to  cause  the  stream  to  glide  into  the 
buckets  without  striking  them. 

C  P  is  the  breast,  to  prevent  the  spilling  of  water  from  the 
buckets.     Its  figure  is  part  of  a  cylinder  concentric  with  the  wheeL 

The  breast,  frDnt  of  the  penstock,  and  edges  of  the  guide  blades, 
are  aU  situated  in  one  cylindrical  surface,  as  close  to  the  circum- 
ference of  wheel  as  is  practicable  without  the  risk  of  actual  contact. 
About  0-4:  inch  of  clearance  is  sufficient  for  that  purpose. 

At  the  point  F,  10  inches  back  from  a  vertical  line  let  fall  from 
the  axis,  the  breast  terminates  with  a  sudden  drop  into  the  tail 
race  K  The  depth,  from  the  lower  edge  of  the  breast  to  the  bottom 
of  the  tail  race,  is  about  two  feet.  Tlus  allows  the  buckets  to  clear 
themselves  rapidly  of  water  before  beginning  to  ascend,  and  lets 
the  tail  water  escape  easily,  without  too  much  loss  of  head. 
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In  fig.  61,  backets  are  shown  with  a  close  sole  plate,  and  a 

^^  ^  ^^^.^^^^^^^  — _— _^^^^  cuxmlar  air-passage 
J/  f  /^^  ^^^  /  /  f^y^  between  the  sole 
//  #/  f/  f/r  Ll^  f  /  /  V^^  ^^^  *^o  l^acks 
U^     ■■     ■■  Vi  J  '^^^^k./      ^^  ^^  buckete,  hav- 

^^^         _.    ^^     ^^  „   Z^^       ing  an  air  hole  into 

'*•  *^  ^-  •*•  it  from  each  bucket 

for  the  discharge  of  air,  while  the  bucket  is  filling  with  water,  and 
the  re-admission  of  air  while  the  bucket  is  dischai^g  its  water. 
This  construction  is  suitable  for  wheels  which  are  liable  to  be 
drowned  by  the  flooding  of  the  tail  race. 

Another  construction  of  vertical  bucket  is  shown  in  fig.  62; 
the  sole  plate  being  dispensed  with,  and  each  bucket  having  an 
air-passage  behind  we  bucket  next  above,  opening  into  the  interior 
of  the  wheel 

The  present  mode  of  ventilating  buckets  was  introduced  by  Mr. 
Fairbairn. 

152.  UtesMicr  •r  Wheel. — The  best  surfieice  velocity  for  an  over- 
shot or  breast  wheel  being  about  6  feet  per  second,  and  the  best 
velocity  for  the  water  supplied  to  it  being  about  double  of  that,  or 
12  feet  per  second,  which  is  due  to  a  fall  of  about  2\  feet,  it  follows 
that  the  summit  of  the  wheel,  if  it  is  to  receive  the  water  exactly 
on  the  top,  should  not  be  more  than  2^  feet  below  the  top-water 
level  in  the  penstock.  The  bottom  of  the  wheel  should  lust  clear 
the  water  in  the  tail  race,  llierefore  the  diameter  of  the  wheel 
should  no6  be  less  than 

The  avaaaf>le/aU--2\  feet; (1.) 

and  this  applies  to  overshot  wheels  not  ventilated. 

But  in  order  that  the  water  may  not  escape  through  the  air- 
passages  of  wheels  with  ventilated  buckets,  it  is  advisable  that  the 
water  should  be  fed  to  the  wheel  at  about  30°  below  the  summit; 
that  is  to  say,  at  a  depth  of  about  -933,  or  1  -i- 1072  of  the 
diameter  below  the  summit.  Therefore,  for  such  wheels,  it  is 
advisable  to  make  the  diameter  not  leas  than 

1-072  X  (available  faU—2i  feet); (2.) 

and  this  rule  will  answer  when  the  level  of  the  water  in  the  pen- 
stock is  not  subject  to  theJluctiMttons  of  more  than  about  afoot. 

When  the  level  of  the  water  in  the  penstock  is  subject  to  greater 
fluctuations  than  this,  it  is  desirable,  in  order  to  fisusilitate  the  adjust- 
ment of  the  position  of  the  regulating  sluice  to  those  fluctuations, 
that  the  wheel  should  receive  the  water  at  a  place  where  its 
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curcomferenoe  is  more  nearly  yertical;  that  is,  at  firom  WftoW* 
below  the  summit;  so  that  the  diameter  should  be 

/ram  l^  to  2  x  (available  fiJl— 2^  feet); (3.) 

These  rules  are  not  given  to  be  implicitly  followed,  but  only  to 
guide  the  engineer  when  there  are  no  other  droumstanoes  to  fix 
his  choice  of  a  diameter  for  the  wheel 

153,  miiiMi  aiki  €«gsedi  Rteff.  —  The  position  of  the  pinion 
should  be  such,  that  the  pUcK-poirUy  where  its  teeth  are  driven  by 
those  of  the  cogged  ring,  may  be  in  the  same  vertical  plane  parallel 
to  the  axis,  with  the  centre  of  gravity  of  the  mass  of  water 
contained  in  the  buckets. 

The  distance  of  the  centre  of  gravity  of  a  circular  arc  from  the 
centre  of  the  circle  is  given  by  the  formula, 

Badius  x  chord  ^ 
length  of  arc    * 

and  if  this  be  applied  to  an  arc  traversing  the  full  buckets,  midway 
between  the  sole  pjate  and  the  outer  circumference  of  the  wheel, 
it  will  give  the  position  of  the  centre  of  gravity  of  the  descending 
water  very  nearly. 

It  would  be  desirable  that  there  should  be  a  pair  of  cogged  rings, 
one  at  each  side  of  the  wheel,  driving  a  pair  of  pinions,  m  order  to 
relieve  the  shaft  of  all  pressure  arising  from  the  weight  of  the 
water;  were  it  not  that  it  has  been  found  impossible  in  practice  to 
obtain  such  exact  fitting  of  the  two  rings  and  two  pimons  as  to 
insure  perfect  equality  of  pressure  and  smoothness  of  motion. 

154.  Sormigtk  of  Chi^gemM. — The  gudgeons,  or  ends  of  the  wheel 
shaft  on  which  it  turns,  have  each  to  bear,  when  the  wheel  is 
unloaded  and  at  rest,  one-half  of  the  weight  of  the  wheel  When 
the  wheel  is  loaded  and  in  motion,  the  gudgeon  nearest  the  cogged 
ring  has  to  bear  half  the  weight  of  the  wheel  less  about  half  the 
weight  of  the  water,  and  the  gudgeon  farthest  from  the  cogged  ring, 
half  the  weight  of  the  wheel  added  to  about  half  the  weight  of  the 
water. 

Let  L  denote  the  greatest  actual  load  on  a  given  gudgeon  in 
pounds ;  then  if  its  length  is  from  five-sixths  of  its  diameter  to  about 
equal  to  its  diameter,  its  proper  diameter  in  inches  is  about 

**-  '30  • 

\55.  StrcBgtk  vf  Armb — ^The  weight  is  sapported  by  the  seTeral 
amis  which  point  directly  or  obliquely  downwards,  very  nearly  in 
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tli6  proporidon  of  the  squares  of  the  cosines  of  their  indinatioDS  to 
the  verticaL 

Let  i,  ihen,  denote  the  inclination  of  any  one  arm  to  the  vertical 
at  a  given  instant,  and 

2-cos«t 

the  sum  of  the  squares  of  the  cosines  of  the  inclinations  to  the 
vertical  of  the  several  arms  which  point  downwards  at  the  ffiven 
instant,     Also,  let  W  be  the  total  weight  to  be  supported.     Then 


.(1.) 


is  the  greatest  tension  on  any  radial  arm,  at  the  instant  when  it 
comes  in  its  turn  to  point  vertically  downwards;  and  allowing 
10,000  lbs.  on  the  square  inch  as  a  safe  working  tension  on  wrought 
iron  bars, 

T 

Tpoo ^^'^ 

is  the  proper  sectional  area  for  each  radial  arm,  in  square  inches. 

Let  a  denote  the  least  inclination  to  the  vertical  of  each  of  the 
oblique  arms ;  then  the  proper  sectional  area  for  each  of  them  is 

T  cos^  a  .^. 

10,000 ^^ 

156.  ggeci  aikl  iMMCMimM  of  ShMNidiiig.  —  The  least  sur&oe 
velocity  for  overshot  and  breast  wheels  is  about  6  feet  per  second. 
Deviations  firom  that  velocity  may  be  made  for  particular  purposes ; 
but  it  is  seldom  desirable  to  go  below  4^  feet,  or  above  8  feet  per 
second.  The  depth  of  the  shrouding  or  crowns  between  which  the 
buckets  are  contained,  ranges  from  1  foot  to  If  foot,  its  most  usual 
value  being  about  1^  foot.  Let  this  be  denoted  by  b.  It  is  also 
the  extreme  breadth  of  each  bucket,  measured  in  the  direction  of  a 
radius  of  the  wheel 

Let  I  be  the  dear  breadth  between  the  crowns,  being  also  the 
dear  length  of  each  bucket. 

Let  r  be  the  outside  radius  of  the  wheel ;  u,  as  before,  its  sur&ce 
velocity. 

In  order  to  avoid  as  far  as  possible  the  waste  of  water  by  spilling 
from  the  buckets,  it  is  considered  that  only  about  two-thirids  of  the 
space  between  the  crowns,  on  the  loaded  arc  of  the  wheel,  ought  to 
he  filled  with  water.  The  wheel,  then,  carries  down  water  at  the 
following  rate  per  second  (all  the  dimensions  being  in  feet) ; — 
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Q=l**'*0-3^)' <»•) 


from  which  we  dedace  ihe  following  formula  to  detennine  the  dear 
breadth  of  tc^ed,  or  length  of  bucket,  I,  when  Q,  ti>  r,  and  b,  are 
giyen: — 

j_         3Q 

'<'-^) 


.(i) 


157.  Fignpe  aiki  iMie«rf—  of  bbcImis. — ^The  general  figme  of 
buckets  has  already  been  illustratecL  It  is  usual  to  make  tbe  dis- 
tance between  their  bottoms,  measured  along  the  sole  plate,  equal 
to  the  depth  of  the  shrouding  b. 

The  width  of  the  opening  between  the  lip  of  each  bucket  and  the 
front  of  the  bucket  next  above,  when  the  wheel  receives  the  water 

near  the  top,  may  be  made  =-sh;  but  the  lower  the  wheel  reoeives 

the  water,  the  wider  must  that  opening  be  made;  and  as  a  general 
rule,  when  the  inclination  to  the  horizon  of  the  wheel's  circum- 
ference at  the  place  where  it  receives  the  water  exceeds  24:%  the 
proper  width  is  about 

jr  X  sin.  inclination. ' 

158.  CtaMe  BfaidM  sMdi  Megidat^vw — As  already  shown  in  fig.  63, 
the  water  is  suppUed  to  the  wheel  between  a 
series  of  guide  blades. 

These  blades  are  from  three  to  four  inches 
apart,  and  their  lower  edges  come  within 
ii>out  0*4  inch  of  the  wheel.  They  are  usually 
of  castiron,aboutthree-eighthsof  an  inch  thick. 

Their  positions  are  determined  by  the  fol- 
lowing method,  founded  on  the  principles  of 
Article  145: — 

In  fig.  63,  let  A  B  be  a  section  of  a  bucket, 
B  its  lip.  Draw  the  straight  line  B  D  H  a 
tangent  to  the  circumference  of  the  wheel; 
and  make  B  D  =  u,  the  sur&ce  velocity;  and 
B  H  =  2  tt.  Draw  D  L  parallel  to  a  tangent 
to  the  lip  of  the  bucket;  draw  H  C  perpen- 
dicular toJ5  H,  cutting  D  L  in  C;  join  B  C.  Kg.  68. 

Then  B  C  represents  the  best  velocity  Vj  f(^  the  supply  of  water 
to  the  wheel ;  and  the  middle  outlet  between  the  series  of  guide 
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blades  is  to  be  placed  at  the  depth  below  the  topwater  level  in  the 
penstock  due  to  that  yelodtj,  viz. : — 

Ti « 

Also,  .^  H  6  C  will  be  the  proper  angle  for  the  guide  blades  of 
the  middle  outlet  to  make  with  the  tang^its  to  the  drcumferenoe 
of  the  wheel  at  the  points  where  they  meet  it^  in  order  that  the 
water  ma^  glide  into  the  bucket  without  collision.  It  appears  that 
the  eo-^ffidenl  of  eontraeiion  for  orifices  between  guide  blades  is 
about 

c  =  0-75 ; (2.) 

consequently,  the  total  area  of  the  outlets  required  for  the  flow  Q^ 
is  given  approximately  by  the  formula, 

^  =  3^' ('•) 

and  this  is  to  be  provided  bv  having  a  sufficient  number  of  outlets 
before  and  behind  the  middle  outlet 

The  positions  of  the  guide  blades  for  these  outlets  are  foimd  as 
follows : — 

Take  the  depth  of  the  narrowest  part  of  each  outlet  below  the 
topwater  level  of  the  penstock ;  compute  the  velocity  due  to  that 
depth ;  from  B  lay  off  distances,  such  as  B  K,  B  L,  representing 
those  velocities,  so  as  to  find  a  series  of  points,  such  as  K,  L,  in  the 
line  D  C  L ;  then  will  ,^HBK,  ,^HBL,be  respectively  the 
proper  inclinations  to  tangents  to  the  wheel,  for  the  guide  blades 
of  outlets  where  the  velocities  are  B  K,  B  L ;  and  so  on  for  other 
guide  blades. 

The  formula  3  gives  a  total  area  of  outlet  rather  greater  than  is 
absolutely  necessary;  but  this  is  the  best  side  to  err  on,  as  any 
excess  of  outlet  can  be  closed  by  the  regulator. 

Besides  computing  the  area  of  the  outlets  between  the -guide 
blades,  the  height  of  the  topwater  above  the  regulator,  necessaiy  to 
give  the  required  flow  Q,  treating  the  regulator  as  an  overfall  with 
the  co-efficient  of  contraction  0*7,  should  be  computed  by  the  for- 
mula 


*'=(3^^)*' (^•) 


and  the  depth  of  the  upper  edge  of  the  lowest  guide  blade  below 

the  topwater  level  should  be  made  not  less  than  the  height  so  found. 

159.  BrcMt— Tail  Bace. — ^When  the  width  of  the  opening  of  the 

bucket  is  only  about  one-fourth  or  one-fifth  of  the  depth  of  the 
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shrouding,  that  is,  when  the  wheel  receives  the  water  within  about 
30^  of  the  top,  the  breast  is  unnecessaiy;  but  for  greater  openings 
of  the  bucket,  it  is  required. 

The  tail  race,  according  to  Mr.  Fairbaim,  should  commence  at 
10  inches  behind  a  vertical  line  let  fall  from  the  axis,  and  should 
be  at  least  1^  foot  or  2  feet  deep  at  the  commencement 

160.  The  BflckwcT  is  found  by  the  formul»  of  Article  148^ 
putting  for  « the  angle  H  B  C  of  fig.  63. 

As  a  small  proportion  only  of  the  energy  exerted  by  the  water 
on  an  overshot  or  breast  wheel  is  due  to  impulse,  the  loss  of 
efficiency  by  moderate  deviations  from  the  best  surface  velocity  is 
but  smidL  Thus,  although  the  sur&ce  velocity  of  greatest  effi- 
Gien<^  is 


that  velocity  may  vary  between  the  limits 

0*3  (wj  cos  «)  and  0-7  {v^  cos  «) 

without  any  important  waste  of  eneigy. 

If  the  average  efficiency  of  overshot  and  breast  wheels,  designed 
and  construct^  in  the  best  manner,  be  estimated  at  0*75,  it  follows 
that  the  energy  of  the  available  fall,  from  the  penstock  to  the  tail 
race,  to  give  one  tffectivt  horse-povxr^  is  on  an  average, 

33  000 
'       =  iifi(iOfoot-U)8.  per  minute. 

161.  Ormh^c  Wkeeto  at  nugh  Sr«edi  {A.  M,,  634).— In  a  few 
cases  of  not  very  ordinary  occurrence,  it  is  necessary  to  give  the 
wheel  so  great  a  speed  that  the  centrifugal  force  causes  a  sensible 
proportion  of  the  water  to  be  spilt  from,  the  buckets  during  their 
descent 

In  fig.  64,  let  C  represent  the  axis  of  the  wheel, 
and  B  a  bucket  Let  a  denote  the  aatguUxr  vdocUy 
of  the  wheel,  whose  value  is 

«  =  7 (M 

Take  C  A  vertically  upwards  from  the  axis,  to  re- 
present, as  given  by  the  equation 


TTT        9^_9_       9  /ox 

^-^.  =  --2-  — :^— .    •^2» W 


il?^ ^^''  Fig.  64. 

where  n  is  the  number  of  revolutions  per  second.    Then  the  surfiice 
of  the  water  in  the  bucket  is  perpendicular  to  A  B. 
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The  height  of  A  above  C  is  independent  of  eveiy  circumstanoe 
exoept  the  time  of  revolution;  being,  in  fact,  the  height  of  a 
revolving  pendulum  which  revolves  in  the  same  time  with  ihe 
wheel  (see  Article  19).  The  point  A  is  the  same  for  all  buckets 
carried  by  the  same  wheel  with  the  same  angular  velocity,  and  for 
all  points  in  the  surface  of  the  water  in  the  same  bucket,  whether 
nearer  to  or  £Eui)her  nrom  the  axis  C ;  so  that  the  upper  sui&ce  of 
the  water  in  each  bucket  is  part  of  a  cylinder  described  about  an 
axis  traversing  A,  and  parallel  to  the  axis  of  the  wheel 

By  drawing  a  verticid  section  of  the  circle  of  buckets  to  a  scale;, 
finding  the  point  Al,  and  describing  arcs  about  it  to  represent  the 
flurfaoe  of  the  water  in  each  bucket,  the  waste  of  water  and  of 
energy  by  centrifugal  force  may  be  determined.  If  A  is  in  the  cir- 
cumference of  the  wheel,  no  water  can  enter  the  bucket& 

SBcrnoN  3.^0/  Undershot  Wheels. 


162.  i»Mcripti«B  mt  m  p«Bceiet  wiimI. — ^The  wheel  represented 
in  fig.  Q5  is  one  erected  in  England  by  Mr.  Fairbaii-n,  and  is  of  the 
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best  design  in  every  respect  except  one,  viz.,  that  the  bottom  of  the 
wheel  race  is  straight,  instead  of  being  curved  in  a  manner  which 
will  be  described  in  Article  166. 

A  is  the  ireservoir  j  B,  the  wheel  race;  C,  the  regulating  sluice, 
held  against  the  pressure  of  the  water  by  jointed  links,  balanced 
by  a  counterpoise,  and  moved  by  a  rack  and  pinion;  D,  the  wheel, 
having  a  pair  of  crowns,  no  sole  plate,  and  a  series  of  curved  vanes; 
E,  the  tail  race,  with  a  drop  into  it  firom  the  end  of  the  wheel  race, 
as  for  a  breast  wheel 

163.  Diameter  •€  WheeL — When  not  fixed  by  other  oonfiidei»- 
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tbna,  it  is  usual  to  make  the  diameter  of  the  wheel  about  double 
the  fall 

164  The  ii«piii  af  iftffiHiiBg  ought  to  be  sufficient  to  prevent  the 
water  which  glides  up  tiie  vanes  from  overflowing  their  upper  edges ; 
because  in  orier  to  produce  the  best  efficiency,  the  water  should 
all  glide  down  again,  and  glance  off  at  the  lower  edges  of  the  vanes. 

^e  best  velocity  of  the  water  relatively  to  the  vanes  is  about 
0*4  of  the  velocity  of  supply  v^ ;  but  to  provide  for  the  contingency 
of  that  velocity  amounting  to  0*7  v^y  it  is  advisable  to  give  the 
shrouding  the  depth  due  to  0*7  v^  >  ^^^  ^  ^  ^7>  abotU  haff  the 
depth  from  the  toptvater  level  in  the  penstock  to  the  ovilet  of  the  duice, 

l65.  The  lUfimUdimfi  AtaiM  is  placed  as  close  as  possible  to  the 
wheel,  and  is  consequently  inclined.  The  co-efficient  of  contraction 
e  of  its  outlet  ^as  already  stated,  Article  140),  is  from  0*74  to  0*8 ; 
therefore,  the  depth  of  its  opening  is  from  four-thirds  to  five-fourths 
of  the  depth  of  the  stream  which  issues  from  it 

The  greatest  depth  of  that  stream  should  not  exceed  about  one- 
fifth  of  the  depth  of  the  shrouding ;  therefore,  the  depth  of  opening 
of  the  sluice  for  the  maximum  Jlow  should  be  about  one-fourth  of 
the  depth  of  the  shrouding,  or  one-eighth  of  the  depth  of  the 
centre  of  the  orifice  below  the  topwater  level 

Let  Q  be  the  greatest  flow  to  be  used,  in  cubic  feet  per  second ; 

A',  the  depth  of  the  middle  of  the  orifice  below  topwater; 

dy  the  depth  of  the  orifice ; 

I,  the  ler^  of  the  orifice,  or  breadth  of  the  opening  of  the  sluice ; 
then 

Q  Q 


1  = 


cdvi     cdJ2gh' 


all  dimensions  being  in  feet. 

166.  The  wiMd  B«c«  is  designed  as  follows  (see  fig.  66)  : — 
Draw  H  F  G  a  tangent  to  the  wheel,  with  a  declivity  of  one  in  ten. 
This  declivity  is  to  preserve  the  velocity  of  supply  v^  undiminished 

At  the  hei^t  c  d  (Article  i     i 

165)  above  H  F  G,  draw  gji^jf^  .  |  I  |^ 

K  L  to  represent  the  upper 
sur&ce  of  the  stream,  meet- 
ing the  circumference  of  the 
wheel  at  the  point  L.  Then 
make  the  section  of  the  bot- 
tom of  the  wheel  race  from 
G  to  F  an  arc  of  a  circle, 
equal  to  G  L,  and  of  the 
same  radius;    that  is,  the  7^ 

radius  of  the  wheeL 


Digitized  by  LjOOQ IC 


188  WATER  PGWEB  AND  WIND  POWEB. 

From  G  to  E  the  wheel  race  is  formed  so  as  to  dear  the  wheel 
hy  aboat  0-4  incL 

167.  The  9mHb€9  TeUdtF  of  the  wheel  for  the  greatest  effidency 
has  already  been  stated^  in  Artide  146,  to  be 

1*1  =  -6  v^  cos  • ^ (1.) 

In  this  expression  •  is  to  be  hdd  to  represent  the  fMon  angle 
which  the  stream  makes  with  a  tangent  to  tne  wheels  which  is  very 
nearly 

1  .     ed 
•  =  ^  arc  versm.  — 

2  r 


arc  versin.  ^-^ „ (2.) 


168.  Ymmm  mr  wumtm. — As  to  the  number  of  vanes,  from  two  to 
three  in  the  length  of  the  arc  L  G  are  in  general  enough. 

The  determination  of  the  proper  form  for  those  vanes,  near  thdr 
outer  edffes,  has  already  been  explained  in  Artides  145, 146.  They 
are  usuaUy  curved  in  a  circular  arc,  so  that  their  inner  ends  are 
tangents  to  radii  of  the  wheel 

169.  The  BfldMCf  has  been  stated,  in  Article  148,  to  be  about 
0*6  when  the  wheel  is  not  drowned,  and  0*48  when  it  is  drowned. 
At  these  rates,  the  energy  of  the  available  fall  from  the  penstock 
to  the  tai]  race,  for  each  effective  horse-power,  is 

Foot-lbs.  per  mkntta. 

For  the  undrowned  whed, '^^^^—=55,000 

For  the  drowned  whed, ^^*^  =  68,750 

170.  l^hcel  la  ■■  Opem  Cwnewemu — ^Whoels  of  this  class  are 
carried  by  boats  moored  in  a  rapid  current  Their  floats  are  usually 
plane  and  radial,  and  fixed  at  distances  apart  equal  to  their  length 
in  the  direction  of  a  radius. 

According  to  the  experiments  of  Poncelet,  the  following  is  the 
useful  work  per  second  of  such  a  wheel ;  v^  being  the  vdocity  of  the 
current ;  u,  that  of  the  centre  of  a  float ;  A,  the  area  of  a  float  in 
square  feet ;  and  D,  the  weight  of  a  cubic  foot  of  water  :-* 

j^^^Q.gDAj^^Jr^-u^ 

9 

According  to  this  formula,  the  velocity  of  the  centres  of  the  floats 
for  the  greatest  effidency  is  half  the  velodty  of  the  current ;  and 
the  effidency  at  that  speed  is  0*4,  if  A  v^  be  taken  toHPepresept  the 
volume  of  water  acting  on  the  wheel  in  a  second.     y^OOgiC 
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CHAPTER  VI, 

OF  TURBINtS, 

Skction  1. — General  Frinciplee, 

171.  TwfcteM  OoMndly  Described  sad  CfauMd. — A  turbine  IB  a 
water  wheel  with  a  vertioBd  axis,- receiving. and  discharging  water 
in  yarious  directions  round  its  circumference.  The  wheel  consists 
of  a  drum  or  annular  passage,  containing  a  set  of  suitably  formed 
vanes,  which  are  curved  backwards  in  such  a  manner,  that  the 
water,  after  glancing  off  them,  is  left  behind  with  as  little  energy 
as  possible. 

Turbines  have  the  advantage  of  being  of  small  bulk  for  their 
power,  and  equally  efficient  for  the  highest  and  the  lowest  fall& 

The  supply  of  water  takes  place  eifiier  directiy  from  a  reservoir, 
in  which  case  the  wheel  is  placed  dose  to  a  suitable  opening  at  the 
bottom  of  the  reservoir,  or  through  a  supply  pipe  and  wheel  case. 
The  former  method  is  ihe  best  smted  to  moderate  falls,  the  latter 
to  very  high  &lls. 

The  opening  through  which  the  water  is  delivered  to  the  wheel 
is  in  most  cases  furnished  with  guid^  Uctdes,  to  make  the  water 
arrive  at  the  wheel  in  the  direction  best  suited  to  drive  it  efficiently. 

Turbines  may  be  divided  into  three  classes,  according  to  the 
direction  in  which  the  water  moves  before  reaching  the  guide 
blades,  and  after  leaving  the  wheel,  viz. : — 

I.  Fa/raUd  Flow  Turhinee,  in  which  the  water  is  supplied  and 
dischaiged  in  a  current  parallel  to  the  axis. 

IL  Outward  FUno  TvMnea,  in  which  the  water  is  supplied  and 
discharged  in  currents  radiating  from  the  axis. 

IIL  Inwa/rd  Flow  Turbines,  in  which  the  water  is  supplied  and 
discharged  in  currents  converging  radially  towards  the  axis. 

Those  three  classes  of  turbines  differ  in  certain  details ;  but  there 
are  general  principles  which  are  applicable  to  them  all,  and  general 
equations  which  are  adapted  to  any  one  of  them  merely  by  assigning 
suitable  values  to  certain  symbols  in  them.  The  diagrams  which 
will  now  be  given  show  the  general  arrangement  of  the  principal 
parts  of  each,  the  details  of  their  construction  being  reserved  until 
later. 

Fig.  67  represents  a  parallel  flow  turbine.  ^'^  'A'  is  the  supply; 
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cbamber,  being  an  annnlar  passage  through  the  bottom  of  the 
reservoir^  which  contains  the  guide  blades ;  these  are  vertical  at 


\     \     \      \     \     \ 


Flg.«7, 


Fig.  60. 


Fig.  70. 


Fig.  71. 


their  upper  edges :  the  form  and  position  of  their  lower  edges,  as 
shown  by  dotted  lines,  are  such  as  to  direct  the  water  in  several 
small  streams  or  jets  obliquely  against  all  parts  of  the  circum- 
ference of  the  wheel  B.  The  wheel  B  consists  also  of  an  annular 
passage  between  two  cylindrical  drums,  containing  a  series  of  vanes, 
resembling  the  guide  blades  in  shape,  but  turned  with  their  lower 
edges  pointing  backwards. 

Fig.  68  shows  a  vertical  section  of  a  few  of  the  guide  blades  C, 
and  vanes  D. 

Fig.  69  is  a  horizontal  section  of  part  of  an  outward  flow  turbine; 
A  is  the  supply  chamber,  being  a  vertical  cylinder  with  a  ring  of 
openings  round  its  lower  end ;  C  are  the  guide  blades  for  directing 
the  water  obliquely  forwards  as  it  rushes  out  of  these  openings ;  B 
is  the  wheel  surrounding  the  ring  of  openings,  and  consisting  of  a 
pair  of  crowns,  or  flat  rings,  with  a  series  of  curved  vanes  D  between 
them;  these  vanes  are  radial  at  their  inner  edges,  and  directed 
obliquely  backwards  at  their  outer  edges. 

Fig.  70  represents  a  plan  of  one  form  of  the  recu^ion  uhed — a 
kind  of  outward  flow  turbine  without  guide  blades.  The  water  is 
conducted  by  a  vertical  supply  pipe  A  into  the  centre  of  a  rotating 
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liollow  disc,  provided  with  two  or  three  hollow  arms,  which  dis* 
charge  the  water  through  orifices  directed  backwards.  In  the 
figure,  the  hollow  disc,  and  its  two  arms  B  B,  are  shown  of  such  a 
form  as  to  leave  the  largest  possible  space  for  the  motion  of  the 
-water  from  the  centre  of  the  disc  towards  the  circumference,  in 
order  to  avoid  friction,  and  for  other  reasons  which  will  afterwards 
appear.  C,  C,  are  the  orifices.  The  circumferences  of  the  arms 
B,  B,  here  peribrm  the  functions  of  vanes. 

Fig.  71  is  a  hoiicontal  section  of  an  iniuxvrd  flow  turiine,  A  is 
the  supply  diamber ;  0,  one  of  the  guide  blades,  directing  the  water 
obliquely  forwards  against  the  wheel ;  B  is  the  wheel,  occupying  a 
central  space  surrounded  by  the  supply  chamber,  and  discharging 
the  water  through  openings  in  its  centre ;  it  consists  of  a  pair  of 
crowns  with  a  set  of  curved  vanes  D  between  them :  these  vanes 
are  radial  at  iheii  outer  ends,  and  are  directed  obliquely  backwards 
at  their  innar  ends. 

In  treating  of  the  theoiy  of  the  efficiency  of  turbines,  it  will  be 
assumed  that  they  are  constructed  of  the  forms  and  proportions, 
and  worked,  in  the  manner  most  favourable  to  efficiency,  according 
to  rules  whidi  will  presently  be  explained.  The  waste  of  power 
caused  by  deviations  from  those  rules  can  afterwards  be  allowed  for 
by  means  of  empirically-found  multipliera 

172.  By  TeiMitT  of  Fi«w  is  to  be  understood  the  velocity  of  that 
component  of  the  motion  of  the  water  by  which  it  is  carried 
towards,  through,  and  away  from  the  wheel;  that  is,  the  com- 
ponent, whether  parallel  to  the  axis  or  radial,  which  is  at  right 
angles  to  the  motion  of  the  vanes. 

Let  A  denote  the  total  effective  sectional  area  in  square  feet  of 
the  orifices  through  which  the  water  passes,  whether  in  the  wheel, 
or  amongst  the  guide  blades,  as  measured  upon  a  sur&ce  perpen- 
dicular to  the  direction  of  the  flow;  that  is,  in  a  parallel  flow  tur- 
bine, on  a  plane  perpendicular  to  the  axis,  and  in  an  outward  or 
inward  radial  flow  turbine,  on  a  cylindrical  surface  described  about 
the  axis. 

Let  Q  be  the  volume  of  water  used  in  cubic  feet  per  second. 
Then 

Q^A (1.) 

is  the  velocity  of  flow. 

Inasmuch  as  sudden  changes  in  the  velocity  of  a  stream  are 
accompanied  with  waste  of  energy,  it  is  desirable  that  the  velocity 
of  flow  should  either  be  constant,  or  change  slowly  during  the 
passage  of  the  water  through  the  wheel 

In  parallel  flow  turbines,  such  as  fig.  67,  the  velocity  of  flow 
would  be  made  constant,  if  the  vanes  were  insensibly  thin,  by 
making  the  drum,  or  annular  caae  containingg^^^y^pes,  simply 
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cylindrical;  but  owing  to  the  obliquity  of  the  Tunes  at  their  lower 
edges,  they  occupy  more  of  the  passage  there  than  at  their  upper 
edges;  so  that  the  drum  has  to  be  made  to  spread  a  little  at  its 
lower  end,  as  will  be  shown  afterwards  in  the  detailed  figure. 

In  radial  flow  turbines,  the 

uniformity  of  the  velocity  of  flow 

may  be  insured  by  msLVing  the 

vertdcal  section  of  the  drum  of 

.^  the  wheel  of  the  shape  shown  in 

—J fig.  72;  that  is  to  say,  let  O  X 

^  be  the  axis;  O  B  a  radius  at  the 

.   middle  of  the  depth  of  the  wheel ; 
the  vertical  sections  M  N,  P  Q, 
of  the  rings  or  crowns  between 
^  ^^*  which  the  vanes  are  carried  are 

to  be  portions  of  hyperbolas  having  O  X  and  O  B  for  asymptotes; 
or  in  other  words,  the  depths  of  the  inside  and  outside  drcum- 
ferenoes  of  the  wheels  M  P,  N  Q,  are  to  be  inversely  as  their  respec- 
tive radii 

Out  of  the  available  head  \  in  the  supply  chamber,  there  will  be 
expended  to  produce  the  velocity  of  flow^  when  that  changes 
gradually  or  not  at  all, 

_Q!_.      (2.) 

where  A^  denotes  the  sectional  area  of  the  stream  where  it  leames 
the  wheel 

173.  TdMltf  ttf  Whiri. — ^Let  V  denote  the  whirling  or  tcmgential 
component  of  the  velocity  with  which  the  water  issues  from 
between  the  guide  blades  and  arrives  upon  the  wheel  This  is  the 
velocity  which  would  be  computed  by  dividing  Q  by  the  sum  of  the 
efiective  areas  of  the  openings  between  the  guide  blades,  as  measured 
upon  the  planes  marked  E  F  in  fig.  68.  It  is  evident  that  the 
velocitf/  o/Jhw  has  the  following  value  in  terms  of  this  iniiial  veUh 
cUy  qfvokvrl : — 

A  =  ^*fG  =  ^-*^*^ ^^-^ 

«  =  ^^  F  G  E  being  the  inclination  of  the  guide  blades  to  the 
direction  of  the  whirling  motion. 

The  ordinary  values  of  »  range  from  22^  to  3S*  in  different 
examples;  and  about  30°  may  be  taken  as  an  average  value. 

In  order  that  the  water  may  work  to  the  best  advantage,  it 
should  enter  the  wheel  without  shock,  and  leave  it  without  whirl- 
ing motion;   for  which  purpose,  the  velocity  of  ^^«|g^^^J9^  first 
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entering  the  wheel,  should  be  e^ual  to  th^t  of  the  first  drcnm- 
ferenoe  of  the  wheel,  and  the  vdocvty  of  whirl  rdadvdy  to  the  wheels 
on  leaving  the  wheel,  should  be  equal  and  oontrary  to  that  of  the 
second  circumference  of  the  wheel. 

Consequently,  the  ratio  of  the  latter  of  these  velocities  (to)  to  the 
former  (v)  should  be  that  of  the  radius  of  the  discharging  side  of 
the  wheel  to  the  radius  of  the  receiving  side.  Let  n  denote  that 
ratio;  th^i  to  =  n  v;  in  which, 

for  a  parallel  flow  turbine,  n  =  1 
for  an  outward  flow  turbine,  n  "^  1 
for  an  inward  flow  turbine,    n  .^n^  1 

and  if  the  drum  is  made  of  that  figure  which  causes  the  velocity  of 
flow  to  be  uniform,  the  angle  /8  =  ^*i::  H  K  L  in  fig.  68,  which  the 
hinder  edges  of  the  vanes  make  with  a  tangent  to  t^e  wheel,  should 
have  the  value  given  by  the  equation 

.      ^      HK      tan«  „. 

^^  =  wL^-ir' <3-) 

and  as  H  L  =  n  *  E  G,  this  formula  is  equivalent  to  the  follow- 
ing:—   

H^  =  E  F (3  A.) 

174.  BflcteBcr  with«at  FricU«B. — The  following  investigation 
has  reference  to  the  case  in  which  the  supply  of  water  is  sufficient 
to  fill  the  orifices  and  channels.  Eeference  will  be  made  in  it  to 
the  principle  of  the  eqiudUy  o/angtUcMr  impulse  <md  angular  momen- 
tum— ^a  consequence  of  the  second  law  of  motion,  which  will  now 
be  explained  {A,  M,,  560,  561,  562). 

Let  a  body  whose  weight  is  W  move  with  a  velocity  V  in  a  given 
direction  relatively  to  a  point  C ;  let  r  denote  the  length  of  a  per- 
pendicular let  £eJ1  from  0  u|3on  a  tangent  to  the  path  of  the  lK>dy 
W's  motion. 

Then  the  angular  momentum  of  W  relatively  to  C  means  the 
quantity 

W  Yr 

9 

Let  M  denote  the  moment  of  a  couple  of  equal  and  opposite,  but 
not  directly  opposed,  forces ;  that  is,  the  product  of  their  common 
magnitude  into  their  arm  or  lever,  which  is  the  perpendicular  dis- 
tance between  the  lines  along  which  they  act       ^.  ^^  ^  GoOQ 

The  angular  impulse  of  such  a  couple  means,  the  producvof  its 

o 
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moment  into  the  time  during  which  it  acts.  To  produce  a  given 
change  in  the  angular  momentum  of  a  body,  an  equal  angular 
impidse  is  required — a  principle  expressed  by  the  equation 

Mrf«  =  ^-rf(Vr) ...(1.) 

To  apply  this  to  the  action  of  water  on  a  turbine,  the  weight  of 
water  acting  in  a  second  (D  Q)  is  to  be  ascertained;  when  the 
moment  of  the  couple  exerted  between  it  and  the  wheel  will  be 
measured  simply  by  the  change  which  its  angtilar  momentum 
nndergoes  in  passing  through  tiie  wheel 

The  product  of  that  couple  into  the  angular  yelocily  of  the  wheel 
a  is  the  energy  exerted  by  the  water  on  the  wheel  in  a  second 
(Article  5). 

L  ComptUoHon  of  the  Energy  Exerted  by  the  Water  on  the  Wheel. 
— Let  r  be  the  radius  of  the  wheel  where  it  receives  the  water. 
(For  parallel  flow  turbines,  the  mean  radius  may  be  taken.)  Then 
n  r  is  its  radius  where  it  discharges  the  water^  and  a  r,  and  nar, 
are  its  two  sur£EU»  velocities. 

Then,  the  velocity  of  whirl  of  the  water  when  it  enters  the 
wheel  being  v,  its  initial  angular  momentum  per  second  is 

DQvr 

9      ' 

and  as  the  velocity  of  whirl  of  the  water  when  it  leaves  the  wheels 
as  determined  by  the  conditions  of  Article  173,  is 

nar^w  =  n{ar'^v\ 
its  Jmal  angida^  momentum  per  second  is 
D  Q  ?i*  (a  r  —  t?)  r 
9  ' 

the  difference  between  these  quantities,  being  the  moment  of  the 
couple  exerted  between  the  water  and  the  wheel,  is 

M  =  D Q  .il+^^hlszl^^. (2.) 

and  the  energy  exerted  per  second  by  the  water  on  the  wheel  is 

M  «  =  D  Q .  i^+n^-vr-rfia^^ ^3  ^ 


The  factor  by  which  D  Q  is  multiplied  in  equation  3  if 
effective  head,  neglecting  friction.  Digitized  by  vjOOQT< 
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TL  CompukUion  of  the  Energy  Expended, — This  calculation  is 
begt  made  by  finding  the  head  required  to  produce  the  various 
velocities  that  are  given  to  the  water. 

To  produce  the  Jinal  velocUy  of  flow  n  v  tan  fi,  there  is  required 
the  head 

n*  «2  tan*  /3  4-  2  ^. 

To  produce  the  initial  vdodty  of  whirl  Vy  there  is  required  the 
head 

To  produce  the  reversed  relative  velocity  (A  whirl  with  which  the 
water  leaved  tiie  wheel,  w  =  nv,  there  is  required  the  head 

and  to  balance  centrifugal  force,  the  head 

a?r2(l-»2)-r2y, 

/  negative  "j        (  outward  flow  1 

which  is   <  nothing  >  for  <  parallel  flow  >  turbines. 

(  positive  j        (  inward  flow  j 

Putting  these  quantities  of  head  together,  we  find  for  the  head 
in  the  supply  chomher, 

Ai  =  i-{(l+n«  +  n«ten«/3)t;«  +  (X-n«)a?r2};...(4.) 

for  the  energy  expended  at  the  wheel,  per  second, 

i>Q^; (5.) 

and  for  the  efficienct  (neglecting  fiiction), 

Ma    _          2(l  +  ytg)qpr~2n»a*y«  ,^ . 

DQAi"(l+w2  +  w2ton2/8)f;2  +  (l-.w2)a2r2' ^^"^ 

The  above  are  general  expressions  for  all  turbines  with  guide 
bladea     For  parallel  flow  turbines,  they  become 

Ai  =  -L(2  +  teix«/S)««j (7.) 

M«    _4arr  —  2a*r*  .^. 

BQAj"    (2  +  tan«/3)t;2  ^^^ 

By  the  aid  of  equation  4,  v  can  be  expressed  in  terms  of  AiCtnd 
o  r,  so  as  to  transform  equations  6  and  8,  as  follows : —  30gn2 
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v=  iZS^^^^; (9.) 

^1 +n»  +  n»  taa«/9 

Ma       2(l+n«)»Vl-^  +  n'^  .. 

'vrhich^  wlien  n  =  1^  beoomes 

DQA,  =  ^a  +  tan^/s"^"^ • ^"'^ 

The  efficiency  of  the  reaction  wheel  is  a  special  case,  which  will 
be  considered  in  Article  176. 

175.  TiM  CtocatMt  Eflcicacy  with«ac  FrictioB  is  attained,  as  has 
been  stated  in  Article  173,  when 

V  =  ar (1.) 

Substituting  this  value  of  v  in  equation  4  of  the  last  Article,  we 
find 

A,=  (2  +  n2tan2/3).^; (2.) 

and,  consequently,  the  surface  velocity  of  the  wheel,  where  it  re- 
ceivea  the  water,  should  be 

-  =  \/(2+l#^.) C^) 

So  that  in  equations  10  and  11, 

_  1 

*"  ^2  +  n«tan2/3' 

The  efficiency  corresponding  to  this  speed  is 

Ma 2 

WOh^^^  +  n^tan^r       ' ^^'^ 

showing  that  the  only  energy  lost  is  that  due  to  the  final  velocity 
of  flow,  nt;tan^  =  war  tan^. 

The  following  table  shows  some  values  of  the  best  speed  as  com- 
pared with  the  9poed  due  to  the  whole  available  head,  and  of  the 
greatest  efficiency,  n^lecting  friction,  for  a  few  values  of  the 
obliquity  fi  of  the  vanes,  and  on  diffisrent  suppositiMis  as  to  the 
value  of  n :—  ^®^"^^  byA^jDOg le 
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for  ^-^       »tanA         *        FQX=2A 

ao^  36**  -364  -685  '93 

as""  43''  466  -672  •90 

so""  49"*  -577  '^SS  -86 

SS"*  54'i  700  -634  -So 

The  proportion  n  ==  ^  2  is  usual  in  outward  flow  turbines,  such 

as  Foumeyron's;  n  =  ^  is  usual  in  inward  flow  turbines,  such  as 

Thomson's  vortex  wheeL 

The  case  of  n  =  1,  /3  =  30^  is  very  nearly  that  of  Fontaine's 
parallel  flow  turbines.  Theory  gives,  as  the  above  table  shows,  for 
the  best  velocity  of  the  wheel,  at  the  middle  of  the  ling  of  vanee. 


ar='655J2gh^, (5.) 

The  experiments  of  General  Morin  give 


ar='6i5jJgJ[; 

and  the  agreement  is  as  close  as  can  be  expected. 

176.  The  Bmctlmi  i^hcel  is  equivalent  to  an  outward  flow  tur- 
bine in  which  ;3  =  0,  re=0,  «  =  0;  while  for  wr  is  to  be  substituted 
r^,  the  radius  from  l^e  axis  to  the  centres  of  the  orifices ;  fornv  is 
to  be  put  w,  its  OTiginal  symbol ;  for  9»2p  is  to  be  substituted 

Then  for  the  velocity  of  outflow  of  the  water  fix)m  the  oriflcesy 
we  have 

w^  J2gh^  +  a^f^=  JTT^   J2jl; (1.) 

and  for  the  efficiency,  neglecting  friction, 

Ma  2sf 


i>Q^  y+^/l+^' 


.(2.) 


This  expression  increases  towards  the  limit  1,  or  perfect  efficiency, 
as  s^  increases  without  limit ;  so  that  if  there  were  no  friction,  the 
efficiency  of  a  reaction  wheel  would  have  no  maximum,  but  would 
increase  towards  unity  as  the  velocity  increased  without  limit. 

177.  Eacieacr  •f  TBrbiaca,  All«wiii«  H&r  Fricttoa. — I.    ForaUd 

Flow  Turbines.—The  fact  stated  in  Article  175,  that  the  best 
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actual  speed  of  these  turbmes  is  the  same  with  that  calculated  in 
the  supposition  that  there  is  no  friction,  shows  that  the  loss  of 
energy  by  friction  may  be  allowed  for  by  multiplying  by  a  constant 
^Buctor,  less  than  unity. 

From  the  experiments  of  General  Morin  and  others,  it  i^pears 
that  the  value  of  that  factor  ia  nearly  the  same  as  for  the  best  over- 
shot and  undershot  wheels;  that  is  tosay,  (1  -k"')  =  from  '75  to  '8, 
with  an  average  value  of  about  '78. 

If  we  multiply  the  efficiencies  in  the  table  of  Article  175,  corre- 
sponding to  n  «  1|  /I  =  25°,  and  30°,  we  find  the  following  results^ 
which  agree  well  with  experiment : — 

1  -  A"' 

•8 

resultant 


fi 

a^ 

•75 

•78 

•8 

as' 

•90 

•67s 

•702 

•72 

30' 

•86 

•645 

•6']  I 

•688 

n.  Invxvrd  Flow  Turbmes, — In  these  turbines,  the  co-efficient 
(1  —  ¥*)  appears  to  be  about  the  same  as  for  parallel  flow  turbines ; 

which,  for  /3  =  36°,  n  =  -,  gives,  aa  the  average  resultant  efficiency, 

about  *73— a  conclusion  confirmed  by  practical  experience. 

IIL  OfOuxMrd  Flow  Twrbinea,  which  generally  work  drowned, 
loie  in  overcoming  fluid  friction  a  quantity  of  work  per  second, 
which  has  been  shown  by  Poncelet,  and  by  General  Morin,  to  be 
proportional  to  the  volume  of  flow,  and  to  the  height  due  to  the 
velocity  of  the  outer  circimiference  of  the  wheel  That  velocity- 
being  denoted  hjnar  =  nzJ2ghjj  the  loss  of  work  per  second 
by  friction  is 

/DQ^^=/DQ«»««Aj; (1.) 

being  the  fraction/n^  a*  of  the  energy  expended. 

/is  a  co-efficient  of  friction,  whose  value,  as  deduced  from  experi- 
ments by  General  Morin,  is  nearly 

/=  0-25. 

This  cause  of  loss  of  work  not  only  diminishes  the  efficiency  of 
the  turbine,  but  diminishes  very  considerably  the  speed  of  greatest 
efficiency. 

Subtracting  /n^  s^  from  equation  10  of  Article  174,  we  find  for 
the  actual  efficiency  of  an  outward  flow  turbine,  at  anv  given 
velocity  arszz  J~2gTi^  of  its  inner  periphery,  the  value  ^^8 
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The  following  are  the  results  of  investigatiiig  the  oonditioiis 
which  make  this  quantity  a  maTimnm  : — 
Let  (i^rsaZiJ  2gh^he  the  best  speed. 
For  brevily^s  sake,  let 

--vm^^h <-> 

and  the  greatest  effidencj  is  given  by  the  foimnla 


Then 


Mro,     „.    (2+/)««-Tr  ... 


As  a  nnmerical  example  and  verification  of  these  formuln,  the 
case  may  be  taken  of  a  Foumeyron's  turbine,  f<»r  which 

n^  =  2  nearly; 
/=0-25; 

n*  tan*  ^  =  ^  nearly. 

Using  these  data>  we  find  XT  =  3-16,  and,  consequently. 


1- 


.(5.) 


«i  =  ^  -215  =  -464 

Efficiency,  Ua?  =  -68; 

results  which  exactly  agree  with  those  of  experiment. 

lY.  Eeaction  Whid, — If  we  assume  that  this  wheel  is  resisted  in 
the  same  manner  with  an  outward  flow  turbine,  and  denote,  as  in 
Article  176,  the  ratio  of  the  speed  of  the  orifice  to  that  due  to  the 
available  head  by  2^,  and  the  best  value  of  that  ratio  by  c^^  we  find, 
for  the  efficiency  in  general. 

Ma  2e  -«  ,,  V 

Wqa,  =  T+TTTT---^'' ^^•> 

which  being  made  a  maximum,  gives 


^.=V{ 
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M^oi  _2+/ — ijTFTf:^ (3.) 

DQA^""  2  "^  ^ 

From  experiments  by  Professor  Weisbacli,  it  appears,  that  the 
greatest  efficiency  of  a  good  reaction  wheel  is 

w^-'"'-' : <*•) 

which  value  being  sabstituted  in  equation  3,  gives  for  the  co-efficient 
of  friction 

/=-166; (5.) 

and  for  the  ratio  of  the  best  speed  of  the  orifices  to  that  due  to  the 
available  ML 

z\  =  -834 (6.) 

This  result  is  confirmed  by  general  experience  of  the  working  of 
these  wheels,  from  which  it  appears  that  the  best  velocity  for  the 
orifices  is  very  nearly  equal  to  that  due  to  Hie  available  fJetU,  and 
the  greatest  efficiency  about  |. 

178.  T«iw»e  •f  Ftow  sad  sise  •€  OrifloM.  —  In  Article  174, 
equation  9,  an  expression  is  given  for  the  whirling  or  tangential 
component  of  the  velocity  of  flow  through  the  openings  between  the 
guide  blades ;  from  which  are  deduced  the  following  expressions  for 
the  total  velocities,  through  the  openings  between  &e  guide  blades, 
and  through  the  openings  between  the  vanes  of  the  wheel  respec- 
tively; in  which,  Q  being  as  before  the  volume  of  flow  per  second, 
the  joint  area  of  the  contracted  stream  in  the  former  set  of  openings 
is  denoted  by  O^,  and  that  in  the  latter  set  by  O^ : — 

For  reaction  wheels, 

^ = « = JJ^,  •  JTT^ (2  A.) 

The  formula 

O  =  _Q_  .  o  =      ^      =     ^     (3\ 

serve  to  determine  the  effective  areas  of  inlet  and  outlet  required 
to  employ  to  the  best  advantage  a  given  flow  of  water  in  a  given 
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wheel,  with  a  given  available  fall  and  speed,  the  speed  being  that 
of  greatest  efficiency,  computed  as  in  Articles  175  and  177. 

The  oo-^fident  qf  cofUraction  for  the  inlets  and  outlets  of  turbines 
ranges  from  *85  to  *95,  and  is  about  "9  on  an  average ;  so  that  the 
actujEd  openings  are  to  be  made  on/B-maUh  larger  than  those  gifven  bff 
theequaUana. 

179.  Bflcieaer  m  a^Bcted  hj  RegidiMr. — The  flow  of  water 
through  a  turbine  is  controlled  by  a  r^^ulating  valve^  of  which 
different  kinds  will  afterwards  be  described. 

In  parallel  flow  and  outward  flow  turbines,  the  regulator  usually 
consists  of  a  set  of  slide  valves  applied  to  the  oriQces  of  supply 
between  the  guide  blades. 

In  the  best  form  of  reaction  wheel,  known  as  Whitelaw  and 
Stirrat's,  the  regulator  consists  of  slide  valves  applied  to  the  orifices 
at  the  ends  of  the  arms. 

In  Thomson's  inward  flow  turbine,  the  regulator  consists  of  the 
guide  blades  themselves,  which  turn  about  axes  near  their  inner 
ends,  so  as  to  be  set  at  any  required  angle  «  to  the  circumference 
of  the  wheel 

The  preceding  investigations  and  statements  of  efficiency  have 
reference  to  the  case  in  which  the  passages  of  supply  are  iminter^ 
rupted,  or  nearly  so.  Their  partial  closing  by  slide  valves  causes 
loss  of  energy  through  sudden  coAtractions  and  expansions  of  the 
stream. 

The  following  are  average  values  of  the  reductions  of  efficiency 
produced  by  partial  closing  of  the  supply  passages  by  slide  valves  :^ 

Ratio  of  the  actual  opening  11     2    1 
to  the  full  openings J  5    5    2 

Batio  of  the  diminished  effi- 
ciency to  the  maximum 
efficiency, 

Such  diminutions  of  efficiency  do  not  occur  where  the  flow  is 
r^^ulated  by  varying  the  orifices  of  discharge,  or  by  varying  the 
inclination  of  the  guide  blades. 

Section  2. — Description  of  Va/rious  TvMnes. 

180.  FmitaiBe*k  Tnrktee,  a  parallel  flow  turbine,  the  invention  of 
M.  Fontaine-Baron,  is  illustrated  by  fig.  73,  which  is  a  vertical 
diametral  section,  and  by  fig.  74,  which  is  a  vertical  section  by  a 
cylindrical  surface  traversing  the  guide  blades  and  vanes,  like  that 
giyen  in  an  elementary  form  in  fig.  68.  ntizedbyGpQQle. 


)  1.     2    5 
]2    3    6* 


A  is  the  tank  or  reservoir,  in  the  bottom  o^  whi<£^is  t^  ring* 
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shaped  cast  iron  passage  B,  containing  the  guide  blades  c,  and  r^a- 
lating  sluice  valves  cL     There  are  as  many  sluices  as  guide  blades. 


\ 


Fig.  73. 

each  guide  blade  having  a  sluice  sliding  vertically  behind  it.  The 
backs  of  the  sluices  are  rounded,  so  as  to  make  the  contraction  and 
deflection  of  the  stream  gradual  Each  sluice  is  hung  by  a  rod  6 
from  the  iron  ring  a,  which  is  raised  and  lowered  by  means  of 
three  rods  marked  c,  so  as  to  raise,  lower,  or  dose,  the  whole  of  the 
sluices  at  once. 

C  is  the  drum  or  annular  passage  of  the  wheel,  containing  the 
vanes  /  E  is  a  disc,  by  which  the  drum  is  carried.  The  disc, 
drum,  and  vanes,  may  all  be  cast  in  one  piece. 

F  F  is  the  hollow  vei-tical  shaft  of  the  wheel,  at  the  top  of  which 
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^. 
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is  the  pivot,  supported  upon  the  top  of  the  fixed  vertical  spindle  G, 
which  rises  from  the  bottom  of  the  tail  race  within  the  hollow 
shaft.     The  object  of  this  is  to  ^Eunlitate  the  oiling  of  the  pivot. 

The  dimensions  and  proportions  of  turbines  of  this  daas  may  be 
varied  to  suit  different  circumstances ;  nevertheless  the  following 
are  given  as  being  usual  in  piactioey  on  the  authority  of  General 
Morin: — 

«,  obliquity  of  the  guide  blades, 22°  to  25°. 

i3,  obliquity  of  the  vanes, 20°  to  30°. 

Breadth  of  ring-shaped  passages — 

=  froDi  A  to  A  of  mean  di^uneter  of  wheel. 

Least  depths  of  openings  between  guide  blades,  and  between 
vanes,  from  2^  inches  to  6  inches. 

Depth  of  dram  of  wheel  =  depth  of  openings  x  2. 

As  to  the  work,  efficiency,  best  speed, 
and  volume  of  flow,  see  Articles  172, 
173,  174,  175, 177,  Division  I.,  178. 

The  speed  may  deviate  from  the  best 
speed  to  the  extent  of  one  quarter, 
without  materially  diminishing  the  effi- 
ciency. As  to  the  effect  of  the  sluices, 
see  Article  179. 

To  avoid  the  diminution  of  efficiency 
by  the  lowering  of  the  sluices,  double 
iwrbinea  have  been  used,  consisting  of  a 
pair  of  concentric  wheels  made  in  one 
piece,  supplied  with  water  by  a  similar 
pair  of  tconoentrio  Ayinnlfty  supply  pas- 
sages. Each  of  those  passages  has  its 
own  set  of  sluices,  hung  from  an  indepen- 
.  dent  rinff;  so  that  either  division  of  the 
double  vmeel  can  have  its  supply  of  water 
cut  off  at  pleasure.  Thus  the  power  of 
the  turbine  can  be  varied  in  a  proportion 
exceeding  that  of  two  to  one,  without 
the  necessity  for  employing  very  contracted  orifices,  and  conse- 
quently wasting  energy. 

181.  JmiT«i%  or  K^ecUin'to  TwribiBe«  the  invention  of  M.  Jonval, 
and  made  by  Messrs.  Koechlin  &  Co.,  resembles  Fontaine's  turbine, 
with  the  wheel  working  in  a  vertical  su/CbUm  pipe  (Article  105) 
in  which  the  pressure  is  below  that  of  the  atmosphere.  This 
enables  the  wheel  to  be  placed  at  any  convenient  elevation  not 
exceeding  the  head  eauivalent  td  one  atmosphere,  above  the  level 


Fig.  74. 
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of  the  sorfaoe  of  the  tail  race,  withont  incurring  (as  would  be  the 
case  in  the  absence  of  the  suction  pipe)  a  loss  of  head  equal  to  the 
drop  from  the  bottom  of  the  wheel  to  the  water  leyel  of  the  tail  race. 

182.  FMrnteiTMn**  TuMim,  one  of  the  earliest  and  best  known 
of  turbines  with  guide  blades,  is  an  ouJtward  flow  turbine.  The 
average  ratio  of  &e  outer  to  the  inner  radius  of  the  wheel  is 
n=:  J  2f  and  the  depth  of  the  wheel  is  about  equal  to,  or  a  little 
greater  than  the  breadth  of  the  crowns. 

An  example  is  represented  in  figs.  75,  76,  of  which  fig.  75  is  a 
vertical  section,  and  fig.  76  a  sectional  plan  of  the  wheel  and  supply 
cylinder,  showing  the  form  and  arrangement  of  the  guide  blades 
and  Yane&  . 


Fig.  76. 


A  is  the  tank  or  penstock ;  B,  the  supply  cylinder.  This  is  the 
arrangement  for  moderate  falls;  for  very  high  falls,  the  water  may 
be  brought  down  from  a  reservoir  to  the  supply  cylinder  by  a  pipe, 
whose  resistance  must  be  allowed  for  in  determinine/yie  available 
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The  cylinder  B  consists  of  two  concentric  tubes :  the  upper  isfixed : 
the  lower  slides  within  it  like  the  inner  tube  of  a  telescope^  and  is 
raised  and  lowered  by  means  of  the 
rods  b.  Near  the  upper  edge  of  the 
inner  tube  is  a  leather  collar,  to  make 
the  joint  between  it  and  the  outer 
tube  water-tight.  The  lower  part  a 
of  the  inner  tube  acts  as  a  regulating 
sluice  for  all  the  orifices  at  once.  It 
has  fixed  to  its  internal  surface 
wooden  blocks,  so  shaped  as  to  round 
off  the  turns  in  the  course  of  the 
water  towards  the  orifices. 

The  bottom  of  the  supply  cylinder 
is  formed  by  a  fixed  disc  C,  which  is 
supported  by  hanging  at  the  lower  ^fr  ^^' 

end  of  a  fixed  vertical  tube  enclosing  the  shafL     This  disc  carries 
the  guide  blades. 

D  are  the  vanes  of  the  wheel  In  the  example  shown,  the 
passages  between  the  vanes  are  divided  into  three  sets,  or  horizontal 
layers,  by  two  intermediate  crowns  or  horizontal  ring-shaped  parti- 
tions. The  object  of  this  is  to  secure  that  the  passages  shfdl  be 
filled  by  the  stream  at  three  different  elevations  of  the  sluice,  and 
so  to  diminish  the  loss  of  effidency  which  occurs  when  the  ojfening 
of  the  sluice  is  smalL 

E  is  the  disc  of  the  wheel ;  F,  its  shaft ;  G,  the  tail  race. 
The  pivot  at  the  lower  end  of  the  shaft  is  supplied  with  oil 
through  a  small  tube  seen  in  the  figure,  which  is  laid  down  one  , 
side  and  along  the  bottom  of  the  tail  race,  and  rises  directly  below 
the  pivot. 

K  H  is  a  lever  which  supports  the  step  of  the  pivot,  and  is  itself 
supported  by  fixed  bearings  at  K,  and  by  a  rod,  L,  which  can  be 
raised  or  lowered  by  a  screw,  so  as  to  adjust  the  wheel  to  the 
proper  level 

183.  TartMM  OatwaWl  Ftow  TavbteM. — An  improvement  in  the 
regulating  apparatus  of  Foumeyron*s  turbine,  introduced  by  Mr. 
Bedtenbi^er,  is  to  vaiy  the  supply  openings  when  required,  by 
raising  or  lowering  the  disc  C  which  carries  the  guide  blades,  by 
means  of  a  screw  at  the  top  of  the  tube  to  which  it  is  fixed.  This 
dispenses  with  the  necessity  for  an  internal  sliding  cylinder  within 
the  fixed  supply  cylinder. 

Another  modification  of  the  r^ulating  apparatus  of  Foumeyron's 

turbine,  by  M.  Gallon,  is  to  make  the  cdiding  vertical  tubular 

sluice  in  several  segments,  which  can  be  opened  or  shut  separately. 

To  prevent  the  drowning  of  Foumeyron's  turbine,  M.  Giiard 
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added  to  it  a  bell,  or  fixed  vertical  cylinder  with  the  moath  down- 
wards, which  dips  into  the  tail  race,  and  within  which  the  wheel 
works.  A  sufficient  quantity  of  air  is  enclosed  in  the  bell  to  keep 
the  surfece  of  the  water  within  it  below  the  level  of  the  wheel ; 
and  the  gradual  loss  of  this  air  by  leakage  and  division  in  the 
water  is  supplied  by  means  of  a  small  forcing  pump.  It  is  of 
course  the  level  of  the  water  in  the  tail  race  o^nde  the  bell,  that 
is  to  be  taken  into  account  in  estimating  the  available  head. 

It  is  probable  that  the  effect  of  this  may  be  to  make  the  best 
inside-stir/ace  speed  o^  r,  and  the  mayimum  efficiency^  the  same  as  for 
parallel  flow  turbines,  viz. : — 

a,r  =  z,j2jK,=  J2^'  ^j==^=^^; (1.) 

Pq;^-2^(1-A  )  =  2  +  ^2tan8i9> W 

1  —  F'  being  from  75  to  '8,  and  on  an  average  about  -TS. 

184.  BcactiMi  wiMcli. — This  class  of  wheels,  of  which  the  theoiy 
has  been  given  in  Articles  176,  177,  Division  III.,  and  178, 
comprehends  all  turbmea  tvithotit  guide  blades,  of  which  a  great 
variety  have  been  contrived  and  used.  The  earliest  form,  well 
known  as  "  Barker's  Mill,"  discharged  the  water  frtnn  orifices  in 
the  ends  of  straight  tubular  arms  projecting  from  a  hollow  shaft. 
The  friction  of  ^e  water  in  the  arms  caused  considerable  loss  of 
energy.  Tubular  arms,  curved  in  various  ways,  were  afterwards 
employed ;  but  it  is  obvious  that  in  any  curv^  arm  the  friction 
must  be  greater  than  in  a  straight  arm  of  the  same  diameter.  The 
best  form  is  one  more  or  less  resembling  fig.  71 ;  that  is,  a  hollow 
disc,  with  projections  leading  the  water  to  nozzles  of  a  form 
approximating  to  that  of  the  contracted  vein.  In  the  figure  there 
are  two  nozzles ;  but  three  are  better  calculated  to  insure  steady 
motion,  provided  they  are  exactly  similar  and  equal 

The  best  mode  of  regulating  the  flow  is  that  introduced  by 
Messra  Whitelaw  and  Stirrat,  of  having  the  regulating  valves  at 
the  orifices  of  discharge.  This  insures  nearly  equal  effidenqr  at  all 
openings  of  the  orifices. 

The  best  mode  of  making  the  water-tight  joint  between  the 
supply  pipe  and  disc  is  that  sketched  in  fig.  77.  A  is  the  supply 
pipe ;  £,  the  wheel,  or  hollow  disc ;  C,  the  vertical  ahafb ;  D,  the 
neck  of  the  wheel  through  which  it  receives  the  water.  Near  the 
end  of  the  neck  is  an  annular  recess  containing  a  cupped  leather 
collar,  within  which  fits  a  tube  K  The  outer  edge  of  this  tube, 
scraped  to  a  true  plane,  is  pressed  by  the  pressure  of  the  water  over 
the  equal  area  of  the  inner  edge,  against  the  truly  plane  sui&ce  of 
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Pig.  77. 


the  flange  F  of  the  supply  pipe,  upon  which  flange  it  turns  round, 
making  a  good  joint  with  very  little  friction. 

Another  form  of  this  arrangement 
consists  in  having  the  annular  recess 
and  collar  withm  which  the  tube  E 
fits,  at  the  end  of  the  supply  pipe,  and 
the  flange  against  which  the  outer 
edge  of  ^e  tube  presses,  at  the  end  of 
the  neck  of  the  wheel 

To  diminish  as  much  as  possible  the 
friction  and  wear  of  pivots  or  other 
bearings,  the  vertical  shaft  should  be 
loaded  with  a  weight  sufficient  to 
balance  the  pressure  of  the  water  on 
the  area  of  the  openings  of  the  neck 
of  the  wheel,  or  of  the  supply  pipe, 
whichever  is  the  greater. 

Another  mode  of  balancing  the 
pressure  is  that  devised  by  Mr. 
Kedtenbacher,  who  has  in  some  cases  employed  a  vertical  outward 
flow  double  turbine,  consisting  of  a  pair  of  reaction  wheels  at  the 
two  ends  of  one  horizontal  shaft,  supplied  £rom  the  same  interme- 
diate horizontal  supply  cylinder,  to  which  the  water  is  introduced 
by  a  pipe  at  one  side.  This  construction  is  suitable  to  high  falls, 
and  possesses  a  ^irther  advantage  in  the  fact  that  the  shaft  rests  on 
horizontal  journals  and  bearings,  which  are  more  easily  kept  in  order 
than  pivots. 

185.  TkomMB's  TarMBC  w  T«rtez  Wheel. — This  wheel,  the 
invention  of  Professor  James  Thomson  of  Queen's  College,  Belfast, 
is  the  only  example  yet  in  use  of  the  invxird  flow  turiine,  whose 
general  IJieory  has  been  explained  in  Section  1  of  the  present 
Chapter. 

'Hie  following  description  is  for  the  most  part  extracted  from  a 
paper  by  the  inventor  in  the  Eeport  of  the  Meeting  of  the  British 
Association  in  1852. 

There  is  a  diflerence  in  the  construction  of  this  turbine  for  high 
and  for  low  falls,  analogous  to  that  which  is  found  in  Foumeyron's 
turbine ;  that  is  to  say,  for  low  falls  the  supply  chamber  may  be  an 
open  tank ;  while  for  high  fells  it  must  genenJly  be  a  closed  vessel, 
supplied  by  a  pipe  from  an  elevated  reservoir.  Fig.  78  is  a  vertical 
section,  and  fig.  7^  a  horizontal  section  and  plan  of  a  high  pressure 
vortex  wheel,  for  a  fell  of  about  thirty-seven  feet  The  dimensions 
of  these  figures  are  -fw  of  the  real  dimensions;  a  diagram  of  part  of 
the  wheel  on  a  somewhat  larger  scale  is  added,  to  ahoirihe  Jorm  of 
the  vanes.  '^'^'^^"^  ^^  e 
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A  A  is  the  wheel,  B  its  shaft     The  wheel  occupies  the  whed 
ekamber,  which  is  the  central  part  of  the  upper  division  of  a  strong 


Fig.  78. 

cast  iron  case  0  C.  The  lower  division  D  D  of  that  ca^  is  called 
the  auppl/y  chamber;  it  receives  the  water  from  the  supply  pipe  E, 
and  delivers  it  through  four  large  openings  marked  F,  into  the 
guide  blade  chamber ^  which  is  the  outer  part  of  the  upper  division 
of  the  case.  There  are  four  guide  blades  marked  G ;  the  figure  of 
each  of  them,  near  the  wheel,  is  nearly  that  of  a  quadrant  of  the 
same  radius  with  the  wheel ;  beyond  the  quadrantal  portion  they 
are  sometimes  straight,  and  sometimes  curved  the  reverse  way. 
The  four  openings  marked  H,  between  the  guide  blades,  regulate, 
by  their  area  (O^,  Article  178),  the  volume  of  water  supplied  per 
second,  and  consequently  the  power  of  the  wheel  To  vary  these 
openings,  the  guide  blades  are  moveable  about  gudgeons  near  their 
points,  seen  as  small  circles  in  fig.  79  ;  these  gudg^ns  are  sunk  in 
the  roof  and  floor  of  the  chamber,  and  do  not  impede  the  flow  of 
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the  \i^ater.     The  guide  blades  are  connected  by  a  set  of  levers  and 
links  with  a  spindle  K,  by  turning  wiiioh,  tiiey  can  all  four  bo 


Fig.  79. 

shifted  at  once,  so  as  to  make  any  required  angle  («)  with  the  cir- 
cumference of  the  wheel.  (The  advantages  of  this  mode  of  regula- 
tion have  already  been  stated  in  Article  179.) 

The  water,  after  passing  through  the  passages  between  the 
vanes  of  the  wheel,  is  delivered  into  the  central  opening  of  the 
wheel,  as  nearly  as  possible  without  any  whirling  motion  left;  it 
then  escapes  at  once  upwards  and  downwards  through  the  two 
outlets  of  that  opening.  L  L  are  two  pieces  called  joint  ringSj 
fitted  to  those  central  outlets,  and  adjusted  by  means  of  studs  and 
nuts,  so  as  to  come  as  close  to  the  wheel  as  is  possible  without 
rubbing  against  it,  in  order  to  pi'event  leaking  of  water  between 
the  wheel  and  its  case. 

The  lower  end  of  the  shaft  passes  through  an  oil-tight  stuffing 
box  into  the  pivot  box  M.  and  terminates  in  an  inverted  cup,  con- 
taining a  concave  brass  disc,  which  rests  on  the  convex  top  of  a 
fixed  steel  pin.  The  pin  is  fixed  in  a  bridge  N,  and  is  capable  of 
being  set  to  the  proper  level  by  means  of  a  cross  bridge  O,  with 
adjusting  screws.  The  cup  of  the  pivot  is  supplied  with  oil  through 
a  small  pipe  s\mk  in  a  groove  in  the  shaft  B.  gtized  byGoOQlc 
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IVtr,  Thomson  states  in  a  note,  that  lie  has  foond  that  the  pivotB 
last  well  -without  oil,  by  simply  admitting  the  finee  access  of  the 
water.  Of  lat^  lignum- vit®,  set  endwise,  and  kept  constantly  wet^ 
has  b^'fdund  a  good  material  for  the  bearings  of  such  pivots. 

Four  vertical  tie  bolts,  marked  P,  tie  the  top  and  bottom  of  the 
ease  together,  to  enable  it  to  resist  the  pressure  of  the  water. 

The  value  of  the  ratio  n  of  the  internal  to  the  external  radius,  in 
those  turbines,  is  usually  ^ ;  that  of  the  obliquity  of  the  inner  ends 
cf  the  vanes  /8,  ranges  from  SO*'  to  45^  Applying  the  fomNiie  of 
Articles  175  and  177  to  these  data,  and  oimnTning  the  l&m  of 
emergy  by  friction  to  be  one-fifth,  so  that  1  ^-wt^sr  -S,  we  find  the 
following  resolts : — 


Zi  =  —==:f       2s?i  i-6si 


30  '^93  '9^  77 

36^  -^585  -93  75 

45°  •<567  89  71 


Efficieney..^I.) 


These  results  are  in  accordance  with  the  fstct,  that  the  average 
efficieney  of  vortex  wheels  has  been  found  in  practice  to  be  about 
•75. 

The  velocity  of  the  water  in  the  openings  between  the  guide 

blades  is  

Vi  sec  ti  =  z^Becti  J  2ghj^; (2.) 

the  effective  area  of  those  passages  (taking  c  =  "9  for  the  oo-effident 
of  contraction)  is  very  nearly 

Oi=-9  X  2«-r6-sin«; (3.) 

where  h  is  the  clear  depth  of  the  guide  blade  chamber ;  hence  the 
volume  of  flow  is 

Q  =  Oi  Vj  sec  «  =  -9  X  2  xr  6  'tan  »; (4.) 

und  the  angle  «  of  obliquity  of  the  guide  blades  required  to  deliver 
A  given  flow  per  second,  may  be  computed  by  the  formula 

*-- =  9-lS?76' <^> 

but  care  should  be  taken  to  make  r  and  b  such,  that  tan  «  during 
the  ordinary  working  of  the  wheel  shall  deviate  as  little  as  possible 
from  n  tan  fi ;  that  is,  with  the  usual  proportions,  ^  tan  /3.  The 
reasons  for  this  are  given  in  Article  173. 

The  crowns  of  the  wheel  shown  in  the  figure  approximate  to  the 
form  recommended  in  Article  172. 
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-In  the  engines  to  which  the 


present  Chapter  relates,  motion  against  resistance  is  produced  in  one 
portion  of  fluid  by  the  direct  impulse  of  another  portion  of  fluid,  the 
driven  portion  of  the  fluid  doing  the  duty  of  a  float  board,  or  vane. 

Such  machines  may  be  divided  into  two  classes — 

L  Those  in  which  the  energy  of  a  mass  of  liquid  deseencQng 
from  a  small  height  is  made  to  raise  a  small  portion  of  that  mass  to 
a  greater  height :  this  class  consists  of  the  "  ffychatUio  Earn.** 

II.  Those  in  which  a  stream  of  fluid  moving  at  first  with  a  certain 
velocity,  drives  and  carries  along  with  it  an  additional  stream,  the 
two  strums  finally  mingling  and  moving  together  with  a  velocity 
less  than  that  of  the  driving  stream.  This  class  comprehends  the 
jet  pump,  the  water  blower,  the  blast  pipe,  and  the  injector. 

187.  MjdnuMe  wtaam — Tliis  machine,  a  well  known  invention  of 
Montgolfiei^s,  is  used  where  a  considerable  flow  of  water  with  a 
moderate  &11  is  available,  to  raise  a  small  portion  of  that  flow  to  a 
height  exceeding  that  of  the  fiJL 

To  supply  it  with  water,  a 
weir  is  to  be  erected  wswea  a 
stream,  so  as  to  form  a  pond,  as 
if  for  a  water  wheel  liom  the 
lower  part  of  that  pond  comes 
the  supply  pipe  A,  fig.  80.  In 
fche  course  of  that  pipe  is  the 
waste  valve  chamber  B,  contain- 
ing a  conical  clack  which  opens 
downwards,  and  which  is  large 
enough  to  let  the  flow  of  the 
supply  pipe  pass  without  con- 
traction. D  is  the  tail  race,  for 
carrying  away  the  water  which  escapes  from  the  waste  valve. 

At  the  end  of  the  supply  pipe  is  a  small  air  vessel  C,  for  diminish- 
ing the  violence  of  shocks. 

E  are  clacks  opening  from  the  supply  pipe  into  the  larger  and 
outer  air  vessel  F,  from  the  bottom  of  which  the  discharge  pipe  is 
seen  to  rise,  for  tie  purpose  of  conveying  a  certain  portion  of  the 
water  to  the  required  elevation. 


Fig.  80. 
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A  small  rdief  ckck  opens  from  a  passage  oommanicating  with 
the  external  air,  into  the  inner  air  vessel  When  the  qnantitj  of 
air  in  that  yessel  becomes  deficient,  periods  occur  in  the  course  of 
the  action  of  the  n&chine,  when  the  pressure  within  the  yessel  fedls 
below  that  of  the  atmosphere ;  and  then  the  relief  clack  admits  a 
small  quantity  of  air,  to  supply  the  loss  caused  by  its  diffusion  in 
the  water. 

The  following  is  the  mode  of  operation  of  the  hydraulic  ram  : — 

Suppose  the  waste  clack  to  have  been  shut>  by  pressure  from 
within,  and  to  fall  suddenly  open,  owing  to  the  diminution  of  that 
pressure.  The  water  begins  to  flow  frt>m  the  reservoir  through  the 
supply  pipe  and  out  at  the  waste  clack,  with  a  gradually  increasing 
velocity.  At  length  that  velocity  reaches  a  maximum,  being  the 
velocity  of  steady  flow  which  the  head  in  the  pond  is  capable  of 
maintaining  through  the  supply  pipe  and  its  outlet.  The  weight 
and  load  of  the  waste  dack  are  so  adjusted,  that  the  impulse  of  the 
current  upon  it  with  this  velocity  raises  it,  and  causes  it  suddenly 
to  shut. 

Thus  the  current  through  the  supply  pipe  is  abruptly  checked. 
The  water  between  the  reservoir  and  the  waste  clack  still  tends  to 
advance,  by  its  momentum,  and  compresses  the  water  between  the 
waste  clack  chamber  and  the  air  vessels,  and  the  air  in  the  Smaller 
air  vessel  In  an  inappreciably  short  time  the  pressure  becomes  a 
little  more  intense  than  that  in  the  outer  air  vessel ;  that  is,  than 
the  pressure  due  to  the  height  to  which  a  portion  of  the  water  is  to 
be  lifted.  Then  the  clacks  E  open,  and  water  passes  into  the  air 
vessel  against  the  higher  pressure,  and  thence  up  the  discharge  pipe, 
tmtil  the  eneigy  of  the  mass  of  water  in  the  supply  pipe  is  so  far 
expended,  that  its  pressure  can  no  longer  keep  the  clacks  E  open, 
nor  the  waste  dack  shut  Then  the  ckcks  E  shut,  the  waste  clack 
opens,  and  the  operation  begins  anew. 

The  following  are  rules  given  by  Eytelwein  as  the  results  of  his 
experiments : — 

Let  Q  be  the  whole  supply  of  water  in  cubic  feet  per  second,  of 
which  q  is  lifted  to  the  height  h  above  the  pond,  and  Q-q  i*uns  to 
waste  at  the  depth  H  below  the  pond; 

L,  the  length  of  the  supply  pipe,  fi-om  the  pond  to  the  waste  clack; 

D,  its  diameter  in  feet;  then 

D=  Jil-eZQ)',  L  =  H  +  A  +  gx2feet;)  ^^  ^ 

volume  of  air-vessel  =  volume  of  feed-pipe;  j 

-?A-^  =  1-12  -  0-2a  /  4.  when  ^  does  not  1 


or,  1  -r  f  1  +  YfTij)  nearly,  when  ^  does  not  exceed  12 (2a.) 
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1 87  A.  Jet  PoMp. — This  machine  works  hj  means  of  the  tendency 
of  a  stream  or  jet  of  fluid  to  drive  or  carry  contignons  particles  of 
flui<f  along  with  it.  The  general  nature  of  its  construction  is  repre- 
sented by  fig.  81.  A  is  the  jet  pipe,  by  which  a  sufficient  supply  of 
water  is  brought  from  an  elevated  source ;  B  is  the  suction  pipe,  by 
which  anpther  portion  of  water  is  drawn 
from  a  low  level  C  is  the  contracted 
throat  of  the  passage,  at  or  a  little  behind 
which  is  the  nozzle  of  the  jet ;  D  is  the 
trumpet-mouthed  spout  in  which  the  jet 
mingles  with  the  stream  frt>m  below, 
carries  it  forward,  and  causes  a  diminu- 
tion of  pressure  behind  the  nozzle,  and  in 
the  suction  pipe,  sufficient  to  make  the 
water  rise,  ^* 

Contrivances  depending  on  the  same  principle  with  this  machine 
have  long  been  known ;  but  the  water  jet  pump,  in  its  present 
form,  was  invented  by  Professor  James  Thomson,  and  first  described 
in  the  Report  of  the  British  Association  for  1852.  In  the  report 
of  that  body  for  1853,  Mr.  Thomson  published  the  results  of  some 
experiments  on  a  smsdl  scale  as  to  the  efficiency  of  the  jet  pump. 
The  greatest  efficiency  was  found  to  take  place  when  the  depth. 
frt>m  which  the  water  was  drawn  by  the  suction  pipe  was  about 
mne4e7Uh8  of  the  height  from  which  the  water  fell  to  form  the  jet; 
the  flow  up  the  suction  pipe  being  in  that  case  about  onyfifih  of' 
that  of  the  jet,  and  the  efficiency,  consequently, 

This  is  but  a  low  efficiency;  but  it  is  probable  that  it  may  be 
increased  by  improvements  in  the  proportions  of  the  machine. 

The  WATER  BLOWER,  in  which  a  shower  of  water,  falling  in  drops 
within  a  vertical  cylinder  with  holes  in  its  sides,  carries  a  current 
of  air  down  with  it,  which  is  expelled  through  a  nozzle  near  the 
bottom  of  the  cylinder,  is  a  machine  on  the  same  principle  with  the 
jet^ump.     Its  efficiency  is  said  to  be  about  0*15. 

The  BLAST  PIPE,  the  most  important  of  Qeorge  Stephenson's  im- 
provements in  the  locomotive  engine,  is  an  example  of  the  same 
Kind  of  action,  which  will  be  mentioned  again  in  its  proper  place  : 
so  also  is  Mr.  Gumey's  steah  jet  ventilator  for  mines. 
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CHAPTER  VnL 

OF  WINDMILLS. 

188.  CtaMral  i»McripaMi« — ^The  energy  of  the  wind,  in  driving 
a  windmill,  is  exerted  upon  a  wheel,  or  fan,  consisting  of  four  or 
five  vanes  called  sails,  radiating  firom  a  horizontal  or  slightly 
inclined  shaft  called  the  wind  shaft,  which  is  kept  always  turned 
endwise  towards  the  wind. 

The  inclination  of  the  wind  shaft  to  the  horizon  is  from  5^  to  15^; 
its  object  is  to  make  the  sails  revolve  dear  of  the  tower  or  other 
building  which  contains  the  milL 

There  are  two  methods  of  enabling  the  wheel  always  to  &ce  the 
wind.  In  a  "post  miU^  the  whole  machine,  with  its  framework 
and  casing,  turns  upon  a  pivot  on  the  top  of  a  vertical  post,  and  is 
shifted  when  the  wind  changes,  by  means  of  a  long  horizontal  lever. 
In  a  "tower  miU,"  or  "smock  rmU,"  there  is  a  fixed  tower  with  a 
rotating  cap;  the  cap  supports  the  wind  shaft,  and  \&  turned  to  the 
quarter  from  which  the  wind  blows,  by  apparatus  which  is  some- 
times controlled  by  hand,  but  oftener  self-acting.  The  remainder 
of  the  mechanism  is  supported  by  a  stationary  fiama 

The  obliquity  of  a  windmill  sail,  or  the  angle  which  it  makes 
with  its  plane  of  revolution,  is  called  its  weather. 

Fig.  82  is  a  front  view  of  the  frame  or  skeleton  of  a  common 
windmill  sail  C  is  the  end  of  the  wind  shaft,  from  1}  foot  to  2 
feet  square,  if  of  wood ;  from  6  inches  to  9  inches  in  diameter,  if  of 
iron.  0  A  £  is  the  arm,  or  wh^p,  of  one  of  the  sails,  usually  from 
30  feet  to  40  feet  long,  8  inches  to  10  inches  square  at  the  inner 
end,  and  &bout  |  of  these  dimensions  at  the  outer  end.  From  A  D 
to  £  E  are  the  Uvrs  of  the  sail — slender  wooden  rods,  from  15  to  18 
inches  .apart  A  £  is  the  leading  or  foremost  edge  of  the  sail, 
which  in  the  present  example  lies  along  the  whip  itself:  in  some 
sails,  a  small  portion,  called  the  leading  sail,  extends  before  the 
whip. 

Fig.  83  shows  the  frame  of  the  sail,  as  seen  edgeways ;  fig.  84  is 
a  diagram  of  the  sail,  as  seen  endways,  in  which  O  P  and  O  Q  show 
the  positions  of  the  bars  at  the  top  and  at  the  inner  end  of  the  sail 
respectively :  these  two  figures  show  how  the  loeather  gradually 
diminishes  from  the  inner  end  of  the  sail  to  the  tip,  for  reasons 
Which  will  appear  in  the  next  Article.  ^^^.^^^^^  ^^  Google 
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The  leading  sail,  when  there  is  one,  is  nsiudlv'  eovered  with  tKm 
boards ;  the  main  body  of  the  sail,  either  with  canTas^  or  with  « 
number  of  narrow  boards  called 
«a^M9,  capable  of  being  adjusted  ^'"1  * 

to  different  angles,  in  a  manner     ^/^  * 

to  be  afterwards  described.  ^   '  * 

189.  cicMMi  PttedpiM.— The 
reduction  of  the  art  of  designing 
windmills  to  general  principles 
is  almost  wholly  due  to  an 
ezpenmenial  investigation  by 
Smeaton,  oommtinicated  to  the 
Boyal  Society  in  1759,  and  re- 
published in  Tredgold*s  Tracts 
en  Jffydraulics, 

The  general  principles  esta- 
blished by  Smeaton  are  to  a 
certain  extent  capable  of  being 
expressed  by  a  proper  adapta- 
tion of  the  formulffi  of  Article 
144,  Case  Y.,  equations  49  to 
15--a  term  being  subtracted  to 
represent  loss  of  energy  by  fric- 
tion between  the  air  and  the 
sail,  as  follows : — 

Let  D  denote  the  weight  of  a 
cubic  foot  of  air ; 

Q,  the  volume  of  air  which 
acts  on  the  sail,  or  part  of  a 
sail,  under  consideration,  in 
cubic  feet  per  second ; 

V,  the  velocity  of  the  wind,  in 
feet  per  second. 

If  0  be  taken  to  represent  the 
sectional  area  of  the  cylinder, 
or  annular  cylinder  of  wind 
through  which  the  sail,  or  part 
of  a  sail,  in  question  sweeps  in 


Fig.  83. 


Fig.  82. 


the  course  of  its  revolution,  we  may  put 

Q  =  c  v«;.. 


.(!•) 


•where  c  is  a  co-efficient  to  be  found  empirically. 

As  it  is  difficult,  if  not  impossible,  in  the  present  state  of  our 
knowledge,  to  distinguish  between  that  factor  in  the  power  of  a 
windmill  which  depends  on  the  quantity  of  wind  that  acts  upon  it^ 
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and  that  factor  whicli  expresses  the  diminution  of  efficiency  by  the 
friction  of  the  shafty  it  is  best  to  make  the  co-efficient  c,  in  the  above 
equation,  comprehend  the  allowance  for  that  friction  :  and  this 
being  understood^  it  appears  from  experimental  data  by  Smeaton, 
to  be  afterwards  referred  to,  that  for  a  windmill  with  four  sails 
proportioned  in  the  best  manner,  if  «  be  taken  for  the  sectional  area 
of  the  whole  cylirider  of  wind  in  which  the  wheel  rotates, 

c  =  0-75  nearly (2.) 

The  friction  of  the  axr  will  be  separately  allowed  for. 

Let  i  denote  the  weoUher  of  the  sail ;  then  because  the  direction 
of  motion  of  each  point  in  the  sail  is  perpendicular  to  that  of  the 
windy  we  must  make,  in  the  foimulffi  of  Article  144, 

)  =  90''  —  {;  and  cos  )  =  sin  ^. 

Consider  a  nanxrw  band  of  a  sail  at  a  given  distance  from  the 
axis,  and  let  u  be  its  velocity. 

The  whole  velocity  of  the  wind  relatively  to  tliis  band  is  Jv^  +  u^; 
and  as  it  is  probable  that  the  energy  lost  through  the  friction  of 
the  air  is  propoitional  to  the  square  of  that  velocity,  we  may  put 
for  that  lost  energjy  per  potmd  oftlie  acting  stream  oftoind, 

.  «*  +  tt« 

/•-^ w 

/being  a  co-efficient  of  friction,  to  be  found  empirically. 

From  data  by  Smeaton,  to  be  afterwards  referred  to,  it  appears 
tliat  the  probable  value  of  this  co-efficient  for  the  best  sails  is 

/=  0O16 (3  A.) 

Then  modifying  the  symbols  in  equation  50,  a«  already  described, 
and  dediibting  the  loss  of  energy  by  aerial  friction,  we  find  for  the 
useful  work  per  second  done  by  the  action  of  the  wind  on  the  band, 
or  bands  of  sail,  that  sweep  through  the  stream  of  air  whose  sec- 
tional area  is  8, 

Ku^cBsv       |2ut;-cosfsinC-tt2(2sin2C-f-/)-/t?2l 
=  c  D  «  r  •  — I  wi; 'sin  2  f-tt2  (1  -  cos  2  f +/) -/t^a  I  (4.) 
Dividing  this  by  — ^ — ,  the  whole   energy  per  second  of  the 
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stream  of  wind,  we  find  for  the  efficiency  of  the  action  of  that 
stream 

^  =  c  {jBm2:-j'(l-oo.2{:+y)-/}...(5.) 

The  ratio  of  the  speed  of  greatest  efficiency  for  a  given  weather  C» 
to  the  speed  of  the  wind,  is 


(6.) 


Wj  ^  sin  2  f 

i;   ""2(l-co8  2C+/)"'*' 
The  efficiency  corresponding  to  that  speed  is 

i4(i-co6  2i:+/)  ^  }' ^'•' 

and  the  useful  work  coiresponding  to  that  e&dency 

«.«.=«"••  J^do^ll+T)-^} <»•' 

The  following  are  some  examples  of  the  results  of  these  formule, 
taking,  as  abready  stated,/=  0O16,  c  =  0*7^  :— 

7**  2^53  024 ) 

13**  1-86  0-29  V (9.) 

19**  I  "41  0-31) 

It  will  afterwards  be  shown  within  what  limits  these  formidse  are 
applicable. 

190.  The  BeM  F«ni  ««d  Prop«rU«M  ^f  8«iu,  as  determined 
experimentally  by  Smeaton,  are  as  follows : — 

In  fig.  85,  A  is  the  wind  shaft;  A  C,  the  whip  of  one  sail; 
B  D  E  C,  the  main  or  following  division  of  the  sail,  which  is 
rectangolar;  B  F  C,  the  leading  division  of  the  sail,  which  is  trian- 
giilar. 

The  following  are  the  best  proportions  : — 

AB  =  gAC;  BC  =  |aC; 

BD  =  CE  =  iAC;  GF~A0 
o        '  15 

The  following  are  the  best  values  iot  the  cmgU  of  weather  at 
different  distances  from  the  axis : — 


.(1.) 
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Difltaaoe  in  tfecrt* 
of  AB, 


\         '        ' 
>  (first  bai> 


(2.) 


\        4        S        ^ 
(tip) 

i8^     19^     ly     Kf     12^     f 

^       191.  The  Beat  8pm4  for  the  Upt  0/  the  mSU^ 

'     weathered  as  above,  was  fooua  cy  8meaton  to  bo 

about  2*6  times  the  velocitj  of  the  wind;  that  ia. 


for  {:=7^Ui  =  2-61;. 


.(1.) 


Fig.  86. 


It  is  firom  this  experimental  result  that  the  value 
of  the  co-efficient  of  friction  employed  in  Artido 
189  has  been  deduced,  vi2.,/==  0*016. 

The  result  computed  in  the  same  Article,  that 

for  r=  19^  ^  =  1*41,  indicates  that  19*  is  the 

proper  angle  of  weather  for  a  point  about  the 
middle  of  the  sail;  which  is  confirmed  hj  experi- 
ment. 

The  application  of  the  formulas  of  that  Article  to 
all  parts  of  the  sail  would  give  it  a  slightly  convex 
sur&oe ;  but  Smeaton  found  a  slightly  concave  surface  (as  mdicated 
by  Table  2,  Article  190)  to  be  somewhat  more  efficient;  upon 
which  he  observes,  ''  that  when  the  wind  falls  upon  a  concave  sur- 
face, it  is  an  advantage  to  the  power  of  the  whole,  though  eveiy 
part,  taken  separately,  should  not  be  disposed  to  the  best  advantage.*' 
It  further  appears,  that  the  formulae  should  not  be  applied 
between  the  middle  and  the  inner  end  of  the  sail,  it  being  better  to 
preserve  nearly  the  same  angle  of  weather  throughout  that  part  of  it. 
192.  P«wcr  wmk  B«ci«ac7< — ^The  effective  power  of  a  windmill, 
OS  Smeaton  ascertained  by  experiment,  and  as  eq\iations  4  and  8 
of  Article  189  indicate,  varies  as  a,  the  sectional  ofrea  of  the  aeUng 
streams  of  wind;  that  is,  for  similar  wheels,  as  the  sqtw/res  cfthe  radii. 
The  value  0*7£^,  assigned  to  the  multiplier  e  in  Article  189,  is 
founded  on  the  fact  ascertained  by  Smeaton,  that  the  effective  pov)er 
of  a  windmill  with  sails  of  the  best  form,  and  about  15^  fiet  radius, 
rmth  a  breeze  of  13  feet  per  second,  is  about  one  horse-power.  In 
the  computations  foimded  on  that  fact,  the  rnean  angle  of  weather 
^jsmadess  IS"*,  and  /=  -016  as  before.  Then  making  the  radius 
A  B  =  r,  and  the  area  of  the  cylinder  of  wind, 

S=:V7^, 

equation  8  of  Article  189  becomes  as  follows : — 

Di*3 


R,  u,  =  0*29  •  ^y  T  t^;,g,,,,.i..veo<^l^l.) 
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being  th6  effiactdve  power  at  the  best  speed,  when  the  tips  of  the 
sails  move  at  2*6  times  the  speed  of  the  wind. 

To  find  the  effective  power  at  any  speed,  equation  4  is  ref erred  ^ 
to,  which,  when  ^  =  13**,  becomes — 

Ktt=0-75  5^-xr2  |o-438Mt;— 0-117t«^— 0O16t;2l(2.) 

The  value  of  D, — the  weight  of  a  cubic  foot  of  air, — ^may  be 
found  exactly  by  means  of  Tables  IL  and  IIL  at  the  end  of  this 
voltime;  but  taking  it  on  an  average  at  0075  lb.,  the  above 
foimul»  become^ — 

B,«,-0O22|i-x,^; (lA.) 

K«=0'056-^-xr«|o-488tt»-0-117w2-0016«2|(2A.) 

"From  equation  1  it  appears  that  a  windmill  of  the  best  form  and 
proportions,  with  the  tips  of  the  sails  moving  at  2*6  times  the  speed 
of  ihe  brecKse,  has  an  effective  power  equid  to  M  of  the  actual 
energy  of  the  cylinder  of  wind  which  passes  it  in  a  second. 

193.  V«wcv  muL— 8eii^Actii^(  Cap. — Fig.  8Q  is  a  vertical  section, 
and  fig.  87  a  horizontal  section,  of  the  top  of  a  tower  mill,  with 
its  self-acting  cap. 

A  A  A  is  the  tower ;  B  B  £  the  cap,  whose  lower  edge  is  an 
iron  ring,  resting  on  a  circle  of  rollers  which  rest  on  another  iroD 
ring  on  i^e  top  of  the  tower,  and  are  kept  at  their  proper  distance 
apart  by  an  intermediate  ring  E^  in  which  their  axes  have  bearings. 
a,  a,  o^  a  are  blocks  with  horizontal  guide  rollers. 

C  is  a  circular  rack  fixed  to  the  top  of  the  tower. 

S  is  the  wind  shaft,  carrying  a  bevel  wheel  D,  which  drives  a 
bevel  wheel  on  the  upright  shaft  N,  through  which  motion  is  given 
to  the  machinery  of  the  milL 

From  the  back  of  the  cap  projects  the  frame  L  L,  canying  the 
fan  M,  which  through  a  train  of  wheelwork  marked  b  and  c  c, 
drives  the  pinion  f^  which  works  in  the  rack  c,  already  mentioned. 
When  the  wind  wheel  faces  the  wind,  the  fan  is  turned  edgewise 
towards  the  wind,  and  remains  at  rest.  So  soon  as  the  wind 
changes  its  direction,  it  makes  the  fim  rotate  in  one  direction  or 
another,  and  so  drives  the  pinion  /,  which  makes  the  cap  turn 
until  the  wind  wheel  again  faces  the  wind. 

The  bevel  wheel  D  on  the  wind  shaft  is  often  used  also  as  a 
brake-tohed,  its  lim  being  encircled  by  a  flexible  brake  (Article  49). 

194.  Becteg^  0r  wugmSaU^m  •f  Saiii.— The  old  method  of  cover- 
ing a  windmill  sail  was  with  a  sheet  of  canvas,  of  which  a  greater 
or  less  extent  could  be  spread  accordiog  to  the  strength  of  the  wind. 
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Various  methods  have  been  invented  for  varying  the  snrfiu^e 
exposed  to  the  wind  while  the  mill  is  in  motion,  such  as  rollers^ 
upon  which  a  greater  or  less  extent  of  the  canvas  can  be  rolled  up; 


Fig.  as. 


^^TP^ 


Fiff.  87. 


boards  furling  hy  sliding  behind  each  other  like  the  sticks  of  a  fan; 
and  boards  turning  on  axes  into  diflPerent  positions,  like  the  bars  of 
a  Venetian  blind.  The  last  method,  the  mvention  of  Sir  William 
Cubitt,  is  illustrated  in  figs.  88  and  89.     Fig.  88  is  a  side  view. 
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fig.  89,  a  front  view.     A  is  the  wind  shaft,  which  is  hollow;  B  C, 

a  rod  passing  through  it;  C,  a  swivel,  to  enable  the  foremost  end 

of  the  rod  to  rotate  with  the 

shaft ;  CD,  the  hinder  end  of  the 

rod,  which  is  a  toothed  rack, 

working  with  the  pinioA  E ;  F,  a 

dram  on  the  axis  of  that  pinion ; 

G,  a  cord  wound  on  it,  from 

which  hangs  a  weight  W;  I,  a 

guide  roller  for  the  rack. 

K  is  the  head  of  the  rod 
B  C,  connected  by  links  L  with 
the  levers  M,  which  turn  on 
bearers  carried  by  the  project- 
ing brackets  N.  P  is  a  rack; 
V,  a  guide  roller ;  Q,  a  pinion ; 
R,  a  lever ;  S,  a  rod,  cobnected 
with  all  the  levers  for  moving 
the  valves,  or  transverse  boards, 
which,  when  shut,  or  turned 

flatwise  to  the  wind,  fill  the  spaces  between  the  bats  of 
the  sail,  and  make  a  continuous  Oat  f;ui-fi\<:e  ;  when 
opened,  or  turned  edgewise  to  th<3  wind,  allow  it  tt> 
pass  through  with  little  action  on  the  sail ;  and  wbeu 
turned  into  intermediate  positions,  jpve  t!i<a  samo  effect 
with  a  greater  or  less  surface  of  sail.  Each  &b1\  L^a 
similar  apparatus. 

The  axes  on  which  the  valves  turn  are  placed  nearer 
to  one  edge  than  to  the  other,  so  that  Uie  prpssure  of 
the  wind  tends  to  open  them.  It  is  opposed  by  the 
weight  W,  which  tends  to  close  tlieiu.  The  valvcB 
adjilust  their  own  obliqtdty,  so  that  tho  pressure  of  the 
wind  balances  the  weight  W;  and  thus  the  effort  of  the 
wind  on  the  sails  is  maintained  nearly  constant  through 
all  variations  of  its  speed* 
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OF  STEAM  AND   OTHER  HEAT  ENGINES. 


195.  Natare  ■■<  'DiriwAmu  •f  the  Satject. — It  is  bellered  to  have 
been  first  remarked  by  George  Stephenson,  l^at  the  original  source 
of  the  power  of  heat  engines  is  the  son,  whose  beams  famish  the 
energy  that  enables  vegetables  to  decompose  carbonic  amd,  and 
so  to  form  a  store  of  carbon  and  of  its  combustible  compounds, 
afterwards  used  as  fueL  The  combination  of  that  fuel  with 
oxygen  in  furnaces  produces  the  state  of  heat,  which  being  com- 
municated to  some  fluid,  such  as  water,  causes  it  to  exert  an 
augmented  pressure,  and  occupy  an  incr^ised  volume;  and  those 
changes  are  made  available  for  the  driving  of  mechanisni. 

Acoc»ding  to  a  speculation  originated  by  Mr.  Waterston,  and 
modified  and  devdoped  by  Prof  mr  William  Thomson,  the  heat  of 
the  sun  is  produced  by  the  fall  of  a  shower  of  matter  into  it ;  so 
that  the  original  source  of  the  power  of  heat  is  gravitation. 

In  the  present  treatise  we  are  concerned  with  those  operations 
only  in  the  obtaining  of  mechanical  energy  by  means  of  heat,  which 
are  performed  after  the  fuel  has  been  procured  in  a  state  fit  for  usa 

The  present  part  of  this  treatise  consists  of  two  main  divisions; 
the  first  treating  of  those  laws  of  the  relations  amongst  tiie  pheno- 
mena of  chemical  combination,  heat  and  mechanical  energy,  upon 
which  the  work  and  efficiency  of  heat  engines  depend  :  the  second, 
of  ihe  structure  and  operation  of  those  engines. 

The  former  of  those  main  divisions  consists  of  three  subdivisions, 
the  first  treating  of  relations  amongst  the  phenomena  of  heat  them- 
selves; the  second,  of  combustion,  or  the  production  of  heat  by 
chemical  action;  and  the  third,  of  the  relations  between  heat  and 
mechanical  energy,  whose  principles  form  the  science  of  therko- 

DTKAXICS. 

The  latter  of  the  two  main  divisions  consists  of  two  subdivisions, 
the  first  relating  to  the  apparatus  by  which  heat  is  obtained  from 
burning  fuel,  and  communicated  to  a  fluid,  which  apparatus,  in  the 
steam  engine,  comprehends  the  furnace  and  boiler;  the  second, 
relating  to  the  apparatus  by  which  the  heated  fluid  is  made  to  per- 
form work  by  driving  mechanism,  being  the  "  engine>**vn]^,  as 
distmguished  from  the  furnace  and  boiler. 
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CHAPTER  I. 

OF  RELATIOKS  AXONOST  THE  PHENOMENA  OF  HEAT. 


196.  HcM  IMtmtd  Mi4  DMcr»«l. — ^The  word  "  heat  "  is  used  in 
two  senses — 

I.  A  certain  class  of  sensations. 

IL  That  condition  of  bodies  which  consists  in  the  capacity  for 
producing  such  sensations. 

It  is  in  the  second  of  those  senses  that  the  word  will  be  employed 
in  this  treatise. 

The  condition  called  heat  has  other  propeHies  besides  that  by 
which  it  has  been  defined.    Of  these  the  principal  are  as  follows  : — 

L  Heat  is  trcma/errible  from  one  body  to  another ;  that  is,  one 
body  can  heat  another  by  becoming  less  hot  itself;  and  the  ten- 
dencies to  effect  that  transfer  are  capable  of  being  compared 
together  by  means  of  a  scale  of  quantities  on  which  they  depend, 
called  tempercUwres. 

IL  The  transfer  of  the  condition  of  heat  between  two  bodies 
tends  to  bring  them  to  a  state  called  that  of  vm/arm  temperature, 
at  which  the  transfer  ceases. 

IIL  The  quantities  called  temperatures  are  accompanied  in  each 
body  by  certain  conditions  as  to  the  relations  between  density  and 
elasticity  j  the  general  law  being,  that  the  hotter  a  body  is,  the  less 
is  its  elcuiiGUi/  o/figurey  or  tendency  to  preserve  a  definite  form  and 
arrangement  of  parts;  and  the  greater  its  elasticity  ofvoLvme^  that 
is,  its  tendency,  if  solid  or  liquid,  to  preserve  a  definite  volume,  and 
if  gaseous,  to  expand  indefinitely. 

IV.  The  condition  of  heat  is  a  condition  of  energy;  that  is,  of 
capacity  to  effect  changes.  One  of  those  changes  has  already  been 
mentioned  under  the  head  I.,  viz.,  the  change  in  the  condition  of 
heat  of  bodies  which  are  imequally  hot,  tending  to  bring  them  to 
uniformity  of  temperature.  Amongst  other  of  those  changes  are 
changes  of  density,  changes  of  elasticity,  chemical,  electri<»J,  and 
magnetic  changes. 

Y.  The  condition  of  heat,  considered  as  a  kind  of  energy,  is 
capable  of  being  indirectly  measured,  so  as  to  be  expressed  as  a 
quantity,  by  means  of  one  or  other  of  the  directly  measurable  effects 
which  it  produces. 

VI.  When  the  condition  of  heat  is  thus  expressed  as  a  quantity, 
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It  is  found  to  be  subject,  like  other  forms  of  energy  (mechanical 
energy,  for  example,^  to  a  law  of  conservation;  that  is,  if  in  any 
system  of  bodies,  no  heat  is  expended  or  produced  through  changes 
other  than  changes  of  teinperature,  then  the  total  quantity  of  heat 
in  the  system  cannot  be  changed  by  the  mutual  actions  of  the 
bodies;  but  what  one  body  loses,  another  gains;  and  if  there  are 
changes  other  than  changes  of  temperature,  then  if  by  those  changes 
the  total  heat  of  the  system  is  changed  in  amount,  that  change  is 
compensated  exactly  by  an  opposite  change  in  some  other  form  of 
energy. 

Although  the  present  chapter  treats  specially  of  relations  amongst 
the  phenomena  of  heat,  yet  it  is  impossible  to  explain  these  relations 
without  occasionally  referring  to  relations  between  phenomena  of 
heat,  and  other  classes  of  phenomena,  as  has  already  been  done  in 
the  preceding  general  description  of  heat. 

The  remainder  of  this  chapter  is  divided  into  three  sections. 

The  first  relates  to  the  measurement  of  tempercUttre,  and  to  the 
fihenomena  with  which  particular  temperatures  are  accompanied. 

The  second  relates  to  the  measurement  and  comparison  of  qftaw 
tUies  o/heaty  whether  such  as  are  lost  by  one  body  and  gained  by 
another  during  changes  of  temperature,  or  such  as  appear  and 
disappear  during  changes  of  other  kinds. 

The  third  relates  to  the  rapidity  with  which  the  tranB/er  ofheal 
takes  place  under  various  circumstances. 

SEcrnON  1. — Of  TemperaMirea,  and  Phenomena  depending  on  them. 

197.  Bqma  Tempcvatwcs. — Two  bodies  are  said  to  be  at  equal 
temperatureSf  or  at  the  same  temperature^  when  there  is  no  tendency 
to  the  transfer  of  heat  from  either  to  the  other. 

198.  Fixed  Tmmpmrmtmnmf  or  standard  temperatures,  are  tempera- 
tures identified  by  means  of  certain  phenomena  which  occur  at  them. 

The  most  important  and  useful  of  fixed  temperatures  is  that  of 
the  MELTmo  OF  ICE  under  the  average  atmospheric  pressura  This 
pressure  is  specked  for  the  sake  of  precision;  for  although  the 
variation  of  the  temperature  of  melting  ice  with  variations  of  pres- 
sure is  exceedingly  small,  it  is  still  appreciable. 

Next  in  importance  and  utility  is  the  boilixo  point  of  pubx 

WATEB  UNDER  THE  AVERAGE  ATMOSPHERIC  PRESSURE  of 

14*7      lbs.  on  the  square  inch,  or 
a  1 16-3      lbs.  on  the  square  foot,  or 

39*923  inches,  or  760  millimetres  of  a  vertical  column  of 

mercury,  at  the  temperature  of  melting  ice,  or  ^^ 
10,333  kilogrammes  on  the  square  m^tre. 
Q 
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There  are  many  other  phenomena  besides  the  melting  of  ice  and 
boiling  of  water  under  the  mean  atmospheric  pressure,  which  served 
to  identify  fixed  temperatures;  but  the  two  phenomena  which  have 
been  specified  are  chosen,  because  of  the  precision  with  which 
they  can  be  observed,  for  the  purpose  of  fixing  the  standard  tem- 
peratures on  the  scales  of  thermometers,  or  instruments  for 
measuring  temperature. 

199.  I^egMM  •f  Tmmpvrmtaan  Perfect  Ctes  Thermmnvur. — The 
two  standard  points  of  the  scale  of  temperatures  having  been  found, 
it  is  next  requisite  to  express  all  other  temperatures  by  means  of  a 
scale  of  degrees,  and  fractions  of  a  d^ree;  which  scale  is  to  be 
graduated  according  to  the  magnitude  of  some  directly  measurable 
quantity  depending  on  temperature. 

The  quantity  chosen  for  that  purpose  is  the  product  of  the  pres- 
sure and  volume  of  a  given  mass  of  a  perfect  gas. 

A  PERFECT  OAS  is  a  substance  in  such  a  condition,  that  the  total 
pressure  exerted  by  any  number  of  portions  of  it,  at  a  given  tem- 
perature^ against  the  sides  of  a  vessel  in  which  they  are  enclosed,  is 
the  sum  of  the  pressures  which  each  such  portion  would  exert  if 
enclosed  in  the  vessel  separately  at  the  same  temperature;  in  other 
words,  a  substance  in  which  the  tendency  to  expand  of  each  appre- 
ciable mass,  how  small  soever,  that  is  diffused  through  a  given 
space,  is  a*  property  independent  of  the  presence  of  other  masses 
within  the  same  spaca  Absolutely  perfect  gases  are  not  found  in 
nature;  every  gas  approximates  more  closely  to  the  condition  of  a 
perfect  gas  the  more  it  is  heated  and  rarefied;  arid  air  is  sufficiently 
near  to  the  condition  of  a  perfect  gas  for  thermometric  purposes. 

Let  Vq  denote  the  volume  of  a  given  weight  of  any  perfect  gas 
under  a  pressure  of  the  intensity  jt>o,  at  the  temperature  of  melting 
ice,  and  Pq  Vq  the  product  of  thosQ  fisictors; — a  quantity  whose  value 
in  foot-pounds,  for  one  pound  avoirdupois  of  air  and  other  gases,  is 
given  in  Table  II.,  at  the  end  of  this  volume. 

Let  p^v^he  the  corresponding  product  at  the  temperature  of 
water  boiling  under  the  pressure  of  one  atmosphere. 

Then  it  is  known  from  the  experiments  of  M.  R^naidt?  and 
Mr.  Rudbeig,  that  these  two  products  bear  to  each  other  the  fol- 
lowing proportion : —   . 

-2l5  =  1365 (1.) 

Now  let  To,  Tj,  denote  respectively  the  temperatures  of  melting 
ice  and  boiling  water  imder  the  pressure  of  one  atmosphere,  in  de- 
grees of  the  scale  of  a  perfect  gas  thermometer,  the  intervals  upon 
which  scale  correspond  with  5ie  intervals  between  the^Alues  of 
the  mUopv^  p/v^  ^  '^^' byX^aO^ 
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Let  T  be  any  third  ten^erature,  and  j»«  the  oontMptiading  pro- 
duct of  the  pressure  and  volmae  of  tiie  gas. 

Then  because  the  interval  T^  —  Tq  corresponds  to  the  difiere&ce 
Pi^i—PoVo _ Q.gg^   .^  ^  ^^^  ^^^  ^^ interval  T— T«,  corre- 

sponding  to  the  difference  ^  ^     ^  ^^  must  have  the  following 

PoVo 
value:— 

T T  _^i  —  ^0    ^<^  —  Po<^o.  /«\ 

0-365  jPo«fe 

and  this  equation  expresses  the  relation  between  intervala  of  Um- 
feraJta/rty  and  differences  of  the  product  p  v. 

200.  nuteoM  ThenMMtri0  SwJa>.  The  number  of  degrees 
Tj  —  To  into  which  the  interval  between  the  two  standard  tem- 
pemtures  is  divided,  and  the  number  of  degrees,  To,  between  the 
zero  of  the  scale  and  the  temperature  of  melting  ice,  are  arbitrary. 

On  Reanmmr'a  scaley  the  zero  is  the  temperature  of  melting  ice, 
and  Tj  —  To  =  SO"-,  therefore, 

To  =  0^;  Tj  =  80^; 

T_To=    ^  .^^-^0^0-  =  2^2  ^^-^"r..(l.) 
0-365  PfiVo        '  PqVo  ^   ' 

On  the  Centigrade  scalsy  used  in  France,  and  over  most  of  the 
continent  of  Europe,  the  zero  is  the  temperature  of  melting  ice,  and 
Tj  —  To  =  100^  j  therefore. 

To  =  0°;  Tj  =  100^; 

T_To=^    ,  l>^-^o  ^0=274- ^^"^^^.,,(2.) 
°        0-365  p^Vq  ^0^0  ^   ^ 

On  Fdh/reriheU's  scale,  used  in  Britain  and  America,  the  zero  is 
an  arbitrary  point,  32°  below  the  temperature  of  melting  ice; 
Tj  —  To  =  180°  j  and  therefore. 

To  =  32°;  Ti  =  212°; 

■0—  0-365  PqVq  PqVq  ^   ^ 

In  the  present  treatise,  Fahrenheit's  scale  is  used  when  no  other  is 
specified. 

On  all  thermometric  scales,  temperatures  below  zero  are  reckoned 
downwards,  and  distinguished  by  having  the  negative  sign  pre- 
fixed. 
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201.  AbMiMs  Mw  A»Mirt<  TMpwiwii. — ^There  18  a  tempera* 
tore  vbich  is  fixed  by  reasonings  although  no  opportunity  ever 
occurs  of  observing  it;  and  that  is^  the  temperature  corresponding 
to  the  disappearance  of  gaseous  elasticity,  at  which  jp  v  =  0. 

This  is  <»lled  the  absolute  zero  of  the  perfect  gas  thermometer. 
By  reckoning  temperatures  from  it,  the  laws  of  all  the  phenomena 
which  depend  on  temperature  are  found  to  be  expressed  more 
simply  than  by  reckoning  from  any  ordinary  zero.  It  is  therefore 
the  most  suitable  zero  for  purposes  of  scientific  reasoning.  For  the 
purpose  of  recording  observations,  the  ordinary  zeros  are  more  con- 
vement,  because  of  the  remoteness  of  the  absolute  zero  from  any 
temperature  which  is  ever  observed. 

Temperatures  reckoned  from  the  absolute  zero  are  called  ab30« 
Z.TrrE  TEMPERATUBES.  In  this  treatise,  they  will  be  denoted  by  the 
^symbol  r. 

Let  To  be  the  absolute  temperature  of  melting  ice;  and  r^^  that  of 
boiling  water,  under  the  pressure  of  one  atmosphere. 

Let  r  be  any  third  absolute  temperature. 

Then 

^•=    0-365'' • ^^'^ 

Ti  =  1-365  To; (2.) 

^=,,.^^._ (3.) 

These  formuls  become — 
for  Rkifumur'a  scale, 

T.  =  219^-2;   rj  =  299-2 ;  r  =  219^-2  ^  )       ,   . 

=:T  +  219o-2;  j 

for  the  Centigrade  acaie, 

TO  =  274^;  Ti  =  37^;  r  =  274^  -^^^  =  T  +  274o  >.(5.) 
for  Fahrenheit'e  acale, 

T«  =  4930-2 ;  r,  =  673<'-2 ;  r  =:  493^-2  -^  )     " . . 
=  T  +  46r-2;  j 

and  the  positions  of  the  absolute  zero  on  the  ordinary  scales  are, 

on  lUaumur's  scale,         —  2l9«-2,  ) 

on  the  CentigFade  scale,  —  274^,     JGoi!^^!^') 

on  Fahrenheit's  scale,      —  46r'2. )  ^ 
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Table  III.,  at  the  end  of  the  Yolume,  shows  it  series  of  ordinaiy 
temperatures  on  the  Centigrade  and  Fahrenheit*s  scales,  with  the 
corresponding  absolute  temperatures,  and  the  corresponding  values 

202.  Bayri—  mmd  Bbuiicity  •f  Gmaca* — A  gas  sensibly  perfect 
has  the  law  of  its  expansion  and  elasticity  expr^sed  as  follows  : — 

-^=^; (1.) 

and  the  results  of  this  formula  are  given  in  Table  III.,  already 
referred  to. 

The  (Xhefficient  of  expansion  of  a  perfect  gas,  being  the  increase  of 
volume  under  constant  pressure,  for  one  degree  of  rise  of  tempera- 
ture, of  so  much  of  the  gas  as  fills  unity  of  space  at  the  temperature 
of  melting  ice,  is  the  reciprocal  of  the  absolute  temperature  of 
melting  ice,  or, 

1  -r  493-2  =  0-0020276  per  degree  of  Fahrenheit; 
1  -r  274     =  0-00365      per  degree  Centigrade. 

This  is  a  theoretical  limit  to  which  the  co-efficients  of  expansion  of 
gases  approximate  as  their  densities  diminish  and  temperatures  in- 
crease. Their  actual  co-efficients  of  expansion  exceed  that  limit  by 
small  quantities  depending  on  the  nature,  density,  and  temperature 
of  the  ga& 

A  hypothesis  called  that  of  "  molecular  vortices,"  referred  to  in 
the  historical  sketch  prefixed  to  this  work,  led  to  the  conclusion,  in 
the  case  of  imperfect  gases,  that  the  law  of  their  expansion  and 
elasticity  would  be  found  to  be  expressed  approximately  by  an  equa- 
tion of  the  form. 


PV   _ 


JL_Ao— ^  —  ^  —  &c (2.) 


PoVq 

Ao,  A^,  tc,  being  functions  of  the  density  — ,  to  be  determined 

empirically.     This  conclusion  was  verified  by  a  comparison  with 
the   experiments  of  M.  E^rnault.     (Memoirs  of  the  Academy  of 
Sciences,  1847 ;  Trans.  Roy.  Soc.  Edin.,  1850 ;  Phil.  Mag.,  Dec., 
1851 ;  Proc  Roy.  Soc  Edin.,  1855;  Phil.  Mag.,  March,  1858.) 
The  formula  for  oabbonic  acid  gas  is  as  follows  : — 

pv  _      T      342      ^ .  ^2 V 

j?b  vo  "" -^93-2  T     •   v' ^'' 

in  which  po  =  2116'41bs.  on  the  square  footjo^i^  8-15725  cubic 
feet  to  the  lb. ,  p^v^^  17264  foot-pounds. 
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It  is  probable  that  a  formula  of  this  clajBs  will  at  some  future 
period  be  found  to  express  the  relation  between  the  temperature^ 
pressure,  and  density  of  steam;  but  at  present  it  is  impossible  to 
find  such  a  formula,  for  want  of  experimental  data.  The  difficulty 
of  ascertaining  exactly  how  much  of  the  water  or  other  fluid  within 
a  given  space  is  in  the  liqtdd  state,  and  how  much  in  the  state  of 
vapour,  constitutes  a  serious  obstacle  in  the  way  of  obtaining  such 
data.  The  principal  causes  of  that  difficulty  are,  first,  that  a  vapour 
near  the  point  of  lique&ction  has  the  power  of  retaining  suspended 
in  it  a  portion  of  its  liqtdd  in  the  state  of  clottd  or  mist;  and, 
secondly,  that  if  in  experiments  on  the  density  and  expansion  of 
steam,  glass  vessels  are  used,  in  order  to  show  when  the  steam  is 
free  from  cloud,  a  new  cause  of  imcertainty  is  introduced  by  the 
fsict,  that  the  attraction  between  glass  and  water  is  sufficient  to 
retain  in  the  liquid  state,  and  in  contact  with  the  glass,  a  film  of 
water  at  a  temperature  at  which,  but  for  the  attraction  of  the  glass, 
it  would  be  in  the  state  of  steam. 

The  ideal  density  of  perfectly  gaseous  steam,  given  in  Table  IL, 
is  deduced  from  its  chemical  composition.  One  cubic  foot  of 
hydrogen,  and  half  a  cubic  foot  of  oxygen,  combine  together,  and 
collapse  into  one  cubic  foot  of  steam.  Hence  the  ideal  wei^t  of  a 
cubic  foot  of  steam  at  32°,  and  under  one  atmosj^ere  (being  a 
quantity  to  be  used  in  calculation  only,  inasmuch  as  steam  cannot 
exist  at  that  pressure  and  temperature),  is  computed  as  follows  : — 

LbB. 

One  cubic  foot  of  hydrogen, 0*005592 

Haifa  cubic  foot  of  oxygen, 0*044628 


One  cubic  foot  of  ideal  steam,  Do, =  0*050220 

From  this  result  are  calculated  the  following,  ideal  also  : — 
Volume  of  one  lb.  steam  at  32®  and  one  atmosphere, 


.(4.) 


Vo  =  =r-  =  19*913  cubic  feet ; 
Pot?o=  19-9124X2116-3  =  42141  foot-lbs. 

If  from  these  quantities  are  computed  the  corresponding  quan- 
tities for  one  atmofi^here  of  pressure  and  212°,  the  following  results 
are  obtained : — 


Vj^  =  1-365  Vo  =  27-18  cubic  feet; 
Di-=  003679  lbs.; 
PiV^=il'3Q5poVo  =  57522  foot-flJst^ 


:Goog#^ 
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The  Yolumes  and  densities  of  steam  given  in  Tables  IV.  and  VI, 
are  computed  by  a  method  which  will  afterwards  be  explained. 
From  32^  to  104®  they  agree  very  well  with  the  assumption  of  the 
perfectly  gaseous  condition,  wi^  the  following  values  of  Vq  and 
Po  Vq,  which  are  somewhat  smaller  than  those  deduced  from  chemical 
composition : — 

Vq  (ideal,  for  32®  and  one  atmosphere)  19*699  cubic  feet ;  ' 

Do  =  0-05076  lbs.;  (6.) 

Po  Vo  =  41690  foot-lbs. 

If  atmospheric  steam  were  perfectly  gaseous  at  212°,  the  follow- 
ing would  be  the  results  of  the  above  fonnulsB : — 

Vi  =  1-365  ro  =  26-89  cubic  feet ; 

Di=  0-03719  lbs.; 

PiV^=l •365;?o ^0  =  56907  foot-lbs. 

It  is  proved,  however,  by  such  experimental  data  as  exist,  that 
the  actual  density  of  steam,  at  pressures  of  one  atmosphere  and 
upwards,  exceeds  that  computed  on  the  assimiption  of  the  perfectly 
gaseous  condition,  and  that  the  excess  is  greater,  the  greater  the 
l)ressure;  although  there  is  no  direct  experimental  determination 
of  the  exact  amount  or  law  of  that  excess.  By  the  indirect  method 
to  be  afterwards  explained,  the  amount  of  that  excess  is  found  at 
any  given  temperature;  but  the  general  law  which  it  follows  is 
unknown. 

The  tables  give,  for  one  atmosphere  and  212®, 


.(7.) 


,(8.) 


f^  t=  26-36  cubic  feet  per  lb. ; 

Di  =  0-03797; 

/>!  t>i  =  55783  foot-lbs. ; 

differing  by  about  one-jljlieth  part  from  the  results  given  in  the  for- 
mula (7);  and  the  proportional  difference  at  higher  pressures  is 
greater. 

The  data  from  which  the  densities  and  volumes  in  these  tables 
were  calculated,  were  the  experiments  of  M.  Begnault  on  the  heat 
transferred  from  a  boiler  to  a  condenser,  by  sending  fix>m  the  former 
to  the  latter  known  weights  of  steam  under  different  pressures ;  and 
it  is  certain,  that  whatsoever  may  prove  to  be  the  law  oonnectaig 
the  density,  pressure,  and  temperature  of  steam  under  other  cir^ 
oumstanoee,  the  densities  and  volumes  in  these  tables  cannot  err, 
to  an  extent  appreciable  in  practice  for  steam  obtained  voider 
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cireumttances  mmilar  to  iliose  of  M,  RegnatdCs  eocperiments,  wbich 
ciroumstaDces  are,  in  all  important  points,  similar  to  those  under 
which  steam  is  obtained  in  ordinary  steam  engines. 

Table  lY.,  in  which  the  density  of  steam  is  computed  by  theory, 
was  published  in  1855.  The  results  of  the  experiments  of  Messrs. 
Fairbairn  and  Tate  were  published  in  1859,  and  were  found  to 
agree  very  closely  with  the  results  of  theory.  (See  Phil.  Trans.  ^ 
1860:  also  Trans,  of  the  Royal  Society  of  EdirdmrgJi^  1862,  p.  163.) 

It  is  often  convenient  for  practical  purposes  to  calculate  the 
density  of  the  volume  of  steam  directly  from  the  pressure  of  satura- 
tion without  reference  to  the  temperature.  (See  Article  206,  page 
236.)  The  following  is  an  empirical  formula  for  that  purpose, 
first  published  in  the  Phil,  Trans.y  1859,  page  188,  and  applicabk> 
for  pressures  not  exceeding  120  lbs.  on  the  squai'e  inch;  in  which 
p  denotes  the  absolute  pressure,  and  v  the  volume  of  steam;  p^  the 
mean  atmospheric  pressure  of  14*7  lbs.  on  the  square  inch,  and 
Vi  the  volume  of  1  lb.  of  atmospheric  steam,  or  26*36  cubic  feet. 

l-iT "■> 

(See  the  ensravcd  Diagram  at  the  end  of  the  volume.) 

In  Table  v.,  the  densities  of  the  vapour  of  sether  ai-e  computed 
as  for  a  perfect  gas  from  its  chemical  composition;  because  in  the 
only  case  m,  which  data  exist  for  computing  its  density  otherwise,, 
the  results  of  the  two  modes  of  computation  agree  exactly,  as  will 
afterwards  be  shown. 

The  quantities  in  the  column  headed  E  in  Table  II.,  being  the 
expansions  of  unity  of  volume  at  32^  in  rising  to  212°,  are  180  times 
the  coefficients  of  expansion  per  degree  of  Fahrenheit 

203.  BzpansloB  of  liiqaldiB—iHercarial  Th«mioiii«ter. — The  rate 

of  expansion  of  every  liquid  increases  as  the  temperature  becomes 
higher,  and  diminishes  as  the  temperature  becomes  lower. 

In  the  case  of  water,  there  is  a  temperature  at  which  the  rate 
of  expansion  disappears,  and  the  volume  of  a  given  weight  reaches 
a  minimum.  That  temperature,  according  to  the  most  trustworthy 
experiments,  is 

39=^-1  Fahrenheit (1.) 

Between  that  temperature  and  32®,  the  volume  of  a  given  weight 
of  water  increases  by  cold. 

It  is  possible  that  a  similar  phenomenon  may  take  place  in  other 
liquids;  but  it  has  not  yet  been  observed  in  any  liquid  except  water. 

The  above  temperature  of  the  maximum  density  of  water,  being 
the  temperature  at  which  the  specific  gravity  of  water  can  be  most 
accurately  ascertained,  is  used  in  France  as  the  standard  tempenu 
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tore,  at  which  the  weight  of  an  unit  of  volume  of  water  is  taken 
for  an  unit  of  weight,  and  of  specific  gravity.  The  standard  tem- 
perature for  the  British  standards  of  weight  and  measure  is  62^ 
Fahrenheit. 

The  following  empirical  formula  for  the  expansion  of  water 
between  32*  and  77®  Fahrenheit,  deduced  from  tne  experiments  of 
Stampffer,  Despretz,  and  Kopp,  is  extracted  from  Professor  W.  H. 
Miller*s  paper  on  the  Standwl  Pound,  in  the  Philosophical  Trcms- 
acUona  for  1856,  and  reduced  so  as  to  be  suited  to  Fahrenheit's 
scale  instead  of  the  Centigrade  scale,  for  which  it  was  originaUy 
computed : — 

V      lO'l  (T  —  39'1)«  —  0O369  (T  —  39-1)8 
^vo^  10,000,000  ^"'^ 

v^  denotes  the  volume  of  a  given  weight  of  water  at  39**1  Fah- 
renheit, and  under  one  atmosphere  of  pressure,  which  for  one 
pound  of  water,  has  the  value 

^-eOT'^^i^^i^^^ (^•) 

log  vo  =  2-2046414. 

V  denotes  the  volume  of  the  same  weight  of  water  at  any  other 
temperature  T  on  Fahrenheit's  scale. 

For  rough  calculations  of  the  density  of  water,  a  simple  approxi- 
mate formula,  suited  for  most  practicid  purposes,  has  already  been 
given  in  Article  107,  p.  110. 

The  greater  convenience  of  thermometers  filled  with  Hquid,  as 
compared  with  those  filled  with  air,  causes  the  former  to  be  em- 
ployed for  all  purposes  except  certain  special  scientific  researches; 
and  the  liqtdd  commonly  employed  is  mercury. 

A  mercurial  thermometer  consists  of  a  bulb  and  stem  of  glass. 
The  stem  should  be  as  nearly  as  possible  of  imiform  bore;  and  the 
inequalities  in  the  bore  should  be  ascertained  by  passing  a  small 
quantity  of  mercury  along  the  stem,  and  marking  tne  lengths  that 
it  occupies  in  different  positions ;  and  in  the  graduation  of  the  scale 
those  inequalities  should  be  allowed  for,  so  that  each  d^ree  of  the 
scale  shall  correspond  to  an  equal  portion  of  the  capacity  of  the 
stem.  A  sufficient  quantity  of  mercury  having  been  introduced,  it 
is  boiled,  to  expel  air  and  moisture,  and  the  tube  is  hermetically 
sealed.  The  standard  points  are  ascertained  by  immersing  the 
thermometer  in  melting  ice,  and  in  the  steam  of  water  boiling 
under  the  pressure  of  14*7  lbs.  on  the  square  inch,  and  marking  the 
positions  of  the  top  of  the  column;  the  interval  between  those 
points  is  divided  into  the  proper  number  of  degrees  (100  for  the 
Centigrade  scale,  180  for  Fahrenheit's  scale),  and  similar  degrees 
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are  marked  above  and  below  those  points  if  necessary,  the  ascer- 
tained inequalities  in  the  bore  of  the  stem  being  allowed  for. 

The  rate  of  expansion  of  mercuiy  with  rise  of  temperature  in- 
creases as  the  temperature  becomes  higher ;  from  which  it  follows, 
that  if  a  thermometer  showing  t^e  dilatation  of  mercury  simply 
were  made  to  agree  with  an  air  thermometer  at  32^  and  212^,  the 
mercurial  thermometer  would  show  lower  temperatures  than  the 
air  thermometer  between  those  standard  points,  and  higher  tem- 
peratures beyond  them.  For  example,  according  to  M.  Begnault 
{Mem,  Acad.  Sc,  1847),  when  the  air  thermometer  marked 
350°  C.  (  =  662°  R),  the  mercurial  thermometer  woidd  mark 
362°-16  C.  (  =  683°-89  P.),  the  error  of  the  latter  being  in  excess, 
12°-16  C.  (  =  21*>-89  F.) 

Actual  mercurial  thermometers  indicate  intervals  of  temperature 
proportional  to  the  apparent  expansion  of  mercury  contained  in  a 
glass  vessel, — that  is,  iiie  difference  between  the  expansion  of  mer- 
cury and  that  of  glass. 

The  inequalities  in  the  rate  of  expansion  of  the  glass  (which  are 
very  different  for  different  kinds  of  glass)  correct,  to  a  greater  or 
less  extent,  the  errors  arisii^  from  the  inequalities  in  tibie  rate  of 
expansion  of  the  mercury. 

For  practical  purposes  connected  with  heat  engines,  the  mercurial 
thermometer  nrnde  of  common  glass  may  be  considered  as  sensibly 
coinciding  with  the  air  thermometer  at  all  temperatures  not  ex- 
ceeding 500°  Fahr. 

For  full  infonnation  on  the  comparative  indications  of  thermo- 
meters, reference  may  be  made  to  M.  E^nault*s  papers  in  the 
Memoirs  cfihe  Academ/y  of  Sciences  for  1847,  entitled  respectively 
*'  De  la  Mesure  des  Temperatures,**  and  ''  De  la  Dilatatiooi  Absolue 
du  Mercure." 

Spirit  thermometers  are  used  to  measure  temperatures  at  and 
below  the  freezing  point  of  mercury.  Their  deviations  from  the 
air  thermometer  are  greater  than  those  of  the  mercurial  tibermo- 
meter. 

204.  ExpMMlMi  •€  BnUdM, — ^The  numbers  whidi  it  is  customary  to 
give  in  tables  of  the  expansion  of  solids  are  the  rates  nf  expcmsion 
of  one  dimension,  and  are  therefore  respectively  ono4ldrd  of  the 
corresponding  rates  of  expansion  in  volume. 

Solid  thermometers  are  sometimes  used,  which  indicate  tempera- 
tures by  showing  the  difference  between  the  expansions  of  a  pair  of 
bars  of  two  substances  whose  rates  of  expansion  are  •diffef'ent. 
When  such  thermometers  are  used  to  indicate  temperatures  hi^ier 
than  the  boiling  point  of  mercury  imder  one  atmosphere  (about 
676o  Fahr.),  they  are  called  Ff/rometers.  In  this  case  the  exact 
value  of  their  degrees  is  somewhat  uncertain,    igtized  by GoOqIc 
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205.  Mckfag  P«iat. — One  melting  point  has  already  been  men- 
tioned as  a  fixed  temperature, — that  of  ice.  It  is  lowered  by 
pressure  to  the  extent  of  0®'014  for  each  additional  atmosphere  of 
pressure, — a  fact  predicted  by  Prof  James  Thomson,  uid  ascer- 
tained experimentally  by  Sir  William  Thomson. 

The  following  are  tiie  melting  pmnts  of  a  few  of  the  more  ' 
important  substanoea.    Those  marked  ?  have  been  measured  by  the 
pyrometer : — 


Bismuth, ^..  493** 

Lead, 630° 

Zinc, 700**  1 

Silver, 1280**  ] 

Brass, 1869'' 1 

Copper, 2548**  I 

Gold, 2590^? 

Cast  iron, 3479°  ' 

Wrought  iron,  higher,  but 
uncertain. 


Mercury, —  38* 

Ice, +  32*» 

Alloy— Tin  3,   Lead   5, 

Bismuth  8,  about, 210° 

Sulphur, 228** 

Alloy— Tin  4,  Bismuth  5, 

Leadl, 246° 

Alloy— Tin  1,  Bismuth  1,  286'' 
Alloy— Tin  3,  Lead  2,...  334° 
Alloy— Tin  2,  Bismuth  1,  334** 
Tin,. 426*^ 

loe,  cast  iron,  bismuth,  and  antimony,  and,  according  to  Mr. 
Kasmyi^,  many  ot^er  substances,  are  more  bidky  when  in  the  solid 
state,  near  the  melting  point,  than  they  are  when  in  the  liquid 
state;  as  is  shown  by  tne  solid  material  floating  in  the  melted 
materiaL 

For  ice,  the  excess  of  volume  in  the  solid  state  above  the  volume 
in  the  liquid  state  is  very  great,  and  has  been  ascertained,  with  ike 
following  results : — 

Vdnme  of  1  Ihu 
cubic  feet 

Water,  at  39^ 0*01602 

loe,       «t  32** 0-0174 


Wdght  cf 
1  cob.  ft.  in  Ibf. 

62425 

57-5 


ture  at  which  a  given  fluid  boils  imder  a  given  pressure,  is  a  flxed 
temperature.  In  order  to  explain  this  phenomenon,  and  ihb  laws 
whidi  it  follows,  it  is  necessary  in  the  flrst  place  to  describe  the 
distinctions  between  the  liquid  and  gaseous  conditions,  and  the 
mode  in  which  substances  pass  from  the  one  to  the  other. 

L  The  Liquid  state  is  that  condition  of  each  internal  peert  of  a 
body,  which  oansists  in  tending  to  preserve  a  definite  volume,  and 
ressting  diange  of  volume,  and  in  oflering  no  resistance  to  change 
of  figure.  It  is  known  that  most  substances,  and  believed  ih^t  all 
substances,  are  capable  of  assuming  the  liquid  condition  under  suit- 
able circumstances.      The  property  of  ofienng  no  resistance  to 
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cliange  of  figare,  is  oommon  to  the  oonditioii  of  liquid  and  ffoa,  and 
oonstitntes  ihe  fluid  condition.  The  liquid  condition  is  distin- 
gnished  from  the  gaseous  by  the  property  of  tending  to  preserve  a 
definite  volume  :  a  body  in  the  gaseous  condition  tends  to  expand 
indefinitely.  Bise  of  temperature  increases  the  resistance  of  liquids 
to  compression,  and  diminishes  their  cohesion.  It  is  known  of  most 
liquids,  and  believed  of  all,  that  for  each  temperature  of  a  given 
substance,  there  is  a  certain  minimum  pressure  on  its  external  sur- 
&oe,  which  is  necessary  to  its  existence  in  the  liquid  state,  and 
under  which  the  communication  of  additional  heat  to  the  liquid 
mass,  makes  it  boil,  or  emit  bubbles  of  vapour  from  its  interior. 
There  is  also  reason  to  believe,  that  all  liquids  under  all  circum- 
stances emit  vapour  from  their  sarhces,  and  are  surrounded  by  an 
atmosphere  of  their  own  vapour. 

II.  Vapour  is  any  substance  in  the  gaseous  condition,  at  the 
TOftTirniim  of  density  consistent  with  that  condition.  This  is  the 
strict  and  proper  meaning  of  the  word  **  Vapour."  It  is  sometimes 
used  in  an  extended  sense,  identical  with  that  of  ^^gas,"  in  speaking 
of  substances  whose  ordinary  condition  is  the  liquid  or  solid.  It  is 
certain  that  most  substances  are  voUuUe^  that  is  to  say,  that  they 
can  and  do  exist  in  the  state  of  vapour,  at  all  attainable  tempera- 
tures. Many  vapours,  whose  existence  cannot  be  proved  by 
mechanical  or  chemical  processes,  are  obvious  to  the  sense  of  smell; 
for  example,  those  of  iron,  copper,  lead,  and  tin.  Whether  all  sub- 
stances are  volatile  at  all  temperatures  is  yet  uncertain.  If  there 
be  cases  of  exception,  it  is  to  be  understood  that  the  laws  stated  in 
the  sequel  of  this  Article  do  not  apply  to  them. 

IIL  Pressure  and  Density  of  Va/pours, — For  each  volatile  sub- 
stance at  each  temperature,  there  is  a  certain  pressure  which  is  at 
once  the  least  pressure  under  which  the  substance  can  exist  in  the 
liquid  or  solid  state,  and  the  greatest  pressure  which  it  can  sustain 
in  the  gaseous  state  at  the  given  temperature.  That  pressure  is 
called  the  pressure  of  satwrationj  or  the  pressure  of  vapour  of  the 
given  substance  at  the  given  temperature;  it  is  a  function  of  the 
temperature;  and  the  density  of  the  vapour  is  a  function  of  the 
pressure  and  the  temperature.  The  relation  between  the  pressure 
of  vapour  and  the  temperature,  for  various  substances,  has  been  the 
subject  of  many  series  of  experiments,  of  which  the  latest  and  best 
are  those  of  M.  Kegnatdt  on  steam  {Memoirs  de  VAcademie  des 
ScienoeSf  1847),  and  on  various  other  vapours  {Comptes  Bendus, 
1854).  The  best  sources  of  information  as  to  the  pressures  of 
vapours  are  the  tables  computed  by  M.  Hegnault  from  those  experi- 
ments; but  such  pressures  may  also  be  computed  in  most  cases  with 
great  accuracy  by  the  aid  of  a  formula,  which,  with  the  constants 
applicable  to  vapours,  as  deduced  from  M.  Regnault's  experiments^ 
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was  first  given  in  the  Edinburgh  Philosophical  Journal  for  Jolj, 
1849,  and  afterwards,  with  revised  constants,  in  the  Philosophical 
Magazine,  Dec,  1854.  The  following  is  the  formula  for  calcmating 
the  pressure  p  of  vapour  from  the  absolute  temperature  r  =  T  + 
461'*-2  Fahr.  of  the  boiling  point  :— 

log^  =  A-?-5 (1.) 

The  following  is  the  inverse  formula  for  calculating  the  absolute 
temperature  of  the  boiling  point  from  the  pressure : — 

The  following  are  the  values  of  the  constants  in  the  formula,  for 
temperatures  in  degrees  of  Fahrenheit,  and  pressures  in  pounds  on 
the  square  Jbot: — 

Fluid.         a.  logs.         log  a  j^  -^ 

Water, 8-2591 ...  3-43642. ..5-59873.. .0-003441. ..0-00001184 

Alcohol,...  7-9707  ...  3*31233. ..575323.. .0-001812. ..0-000003282 
.^ther, 7*5732  ...  3-31492*. .5-21706... 0-006264.. .ox>ooo3924 

'^^&.,f  }  ''3438  •••  3-30728;. .5-2i839...o-oo6i36... 0-00003765 
Mercury,...  7-9691 ...  3-72284 

For  inches  of  mercury  at  32**,  subtract  from  A, 1-8496 

„""lb. '    on  the  square  inch,  „  A, 2-1584 

**  For  the  Centigrade  scale,  subtract  from  log  B, 0-25527 

,     '  „  logC, 0-51054 

B 
multiply  2X5 ^y  ^'8 

»    4^ ^y 3a4 

From  the  preceding  formula  and  constants  were  calculcated  the 
pressures  in  Tables  IV.  and  YL  for  steam,  and  Table  Y.  for  ether, 
at  the  end  of  this  volume.     (See  Diagram  facinff  page  4C8.) 

The  general  result  of  such  formuliB  and  tables  is,  tluit  the  pressure 
of  vapour  increases  with  the  temperature  at  a  rate  which  itself 
increiases  rapidly  with  the  temperature.  If  any  vapour  were  a  per- 
fect gas,  its  dmsify  Dj,  at  any  temperature  Tj,  might  easily  be 
computed,  when  its  density  D^,  at  some  other  temperature  T*.  had 
been  ascertained  by  experiment,  by  means  of  the  formuli^^S^^ 


238  STEAM  A2n>  OTHER  BEAT  ENGINES. 

Dg  (T^  +  461^-2  Fahr.)  ^  Pi  (T^  +  461*^-2  Fahr.)  . 

in  which  p^  and  p^,  <^^  ^^  pressures  of  the  Yapom*  at  the  tempera* 
tures  Tj  and  Tg  respectively ;  but  no  vapour  is  an  absolutely  per- 
fect gas;  and  the  density  of  every  vapour  increases  more  rapidly 
with  increase  of  pressure  than  that  which  would  be  given  by  the 
above  formula.  That  formula,  however,  is  sufficiently  near  the 
truth  for  practical  purposes  when  the  densiiy  of  the  vapour  is  below 
certain  limits,  as  is  the  case  with  the  vapours  of  most  substances  at 
the  temperatures  which  usuc^ly  occur  in  the  atmosphere.  The 
experimental  determination  of  the  densities  of  vapours,  to  a  certain 
rough  degree  of  approximation,  sufficient  to  enable  the  formula  (1  a) 
to  be  applied,  is  easy,  and  is  assisted  by  a  knowledge  of  their  chemi- 
cal composition,  in  consequence  of  the  well  established  laws,  firs^^ 
that  perfect  gases  combine  by  volumes  in  ample  numerical  ratios 
only;  and,  secondly ^  that  the  volume  of  a  given  weight  of  a  oompound 
perfect  gas  always  bears  simple  numerical  ratios  to  the  volumes 
which  its  constituents  would  occupy  separately,  ibcamples  of  the 
application  of  these  laws  are  given  in  the  case  of  steam,  in  Art  202, 
equations  4, 5,  and  in  some  parts  of  Table  II.,  marked  thus,  *.  The 
<lirect  experimental  determination  of  the  densities  of  vapours,  to  a 
degree  of  accuracy  sufficient  to  show  the  exousi  amount  of  their 
deviation  from  the  perfectly  gaseous  condition,  has  not  yet  been 
accomplished.  A  method  of  computing  the  probable  value  of  such 
densities  theoretically,  from  the  heat  which  dii^ppears  in  evaporating 
a  given  quantity  of  the  substance,  will  be  explained  in  Chapter  III. 
rV.  Atmospheres  of  Vapour — Spheroidal  Staie. — From  what  has 
been  stated,  it  appears  that  every  solid  or  liquid  substance  in  a 
state  of  molecular  equilibrium,  wherever  it  is  not  enveloped  by 
another  solid  or  liquid  substance,  is  enveloped  by  an  atmosphere  of 
its  own  vapour,  of  a  density  and  pressure  depending  on  the  tempera- 
ture (provided  the  substance  is  volatile  at  that  temperature).  It 
has  been  suggested  as  a  h3rpothesis,  that  the  density  of  a  very  thin 
layer  of  this  atmosphere,  immediately  adjoining  the  surface  of  such 
liquid  or  solid,  may,  owing  to  the  attraction  of  the  liquid  or  solid, 
be  much  greater  than  the  density  at  considerable  distances,  and  that 
the  elasticity  of  an  atmosphere  of  vapour  so  constituted  may  be  the 
cause  of  that  resistance  to  being  brought  into  absolute  contact, 
which  is  displayed  by  the  surges  of  solid  and  liquid  bodies  in 
general  {e,  g.,  when  raindrops  roll  on  the  surface  of  a  river),  and 
which  is  so  great  at  high  temperatures  as  to  produce  what  is  adled 
the  "  spheroidal  state "  of  masses  of  liquid,  in  which  they  remain 
suspended  over  hot  solid  surfaces  with  a  visible  interval  between. 
The  only  substaftce    on  the  earth's  surfisu*  which  is  sufficiently 


HIXTUBES  OF  YAF017BS  AXTD  GABSa,  239 

abimdaiit  to  pervade  the  whole  of  the  earth's  atmosphere  at  all  times 
with  vapour  to  an  amount  appreciable  by  mechanical  and  chemical 
processes,  is  water. 

Y.  Mixkvrea  of  Vapowa  amd  Gaaea. — It  has  already  been  ex- 
plained^ in  Article  199,  that  the  pressure  exerted  against  the  interior 
of  a  vessel  by  a  given  quantity  of  a  perfect  gas  enclosed  in  it,  is  the 
sum  of  the  pressures  which  any  number  of  parts  into  which  such 
quantity  might  be  divided  would  exert  separately,  if  each  were 
enclosed  in  a  vessel  of  the  same  bulk  alone,  at  the  same  tempera- 
ture; and  that,  although  this  law  is  not  exactly  true  for  any  actual 
gas,  it  is  very  nearly  true  for  many.  Thus,  if  0*080728  lb.  of  air, 
at  32°,  being  enclosed  in  a  vessel  of  one  cubic  foot  of  capacity,  exerts 
a  pressure  of  one  atmosphere,  or  14*7  lbs.,  on  each  square  inch  of 
the  interior  of  the  vessel,  then  will  each  additional  0*080728  lb.  of 
air  which  is  enclosed,  at  32°,  in  the  same  vessel,  produce  very  nearly 
an  additional  atmosphere  of  pressure.  It  has  now  further  to  be 
explained,  that  the  same  law  is  applicable  to  mixtures  of  gases  qfdif- 
fererU  hinds.  For  example,  0*12344  lb.  of  carbonic  acid  gas,  at 
32<',  being  enclosed  in  a  vessel  of  one  cubic  foot  in  capacity,  exerts 
a  pressure  of  one  atmosphere;  consequently,  if  0*080728  lb.  of  air 
and  0*12344  lb.  of  carbonic  acid,  mixed,  be  enclosed  at  the  tem- 
perature of  32°  in  a  vessel  of  one  cubic  foot  of  capacity,  the  mixture 
will  exert  a  pressure  of  two  atmo^heres.  As  a  second  example : 
let  0*080728  lb.  of  air,  at  212°,  be  enclosed  in  a  vessel  of  one  cubic 
foot,  it  will  exert  a  pressure  of 

212°  +  461°*2      1  o.^   ^      , 
32^  4-  461*^*2  ^  atmosphere. 

Let  0*03797  lb.  of  steam,  at  212**,  be  enclosed  in  a  vessel  of 
one  cubic  foot :  it  will  exert  a  pressure  of  one  atmosphere.  Con- 
sequently, if  0*080728  lb.  of  air  and  0*03797  lb.  of  st^m  be 
mixed  and  enclosed  together,  at  212°,  in  a  vessel  of  one  cubic  foot, 
the  mixture  will  exert  a  pressure  of  2*365  atmospheres.  It  is  a 
common  but  erroneous  practice,  in  elementary  books  on  physics,  to 
describe  this  law  as  constituting  a  diffisrence  between  mixed  and 
homogeneous  gases;  whereas  it  is  obvious,  that  for  mixed  and  ho- 
mogeneous gases  the  law  of  pressure  is  exactly  the  same, — viz.,  that 
the  pressure  of  the  whole  of  a  gaseoibs  mass  is  the  swrn  of  the  pressures 
ofaUits  parts.  This  is  one  of  the  laws  of  mixtures  of  gases  and 
vapours.  A  second  law  is,  that  the  presence  of  a  foreign  gaseous 
svhstance  in  contact  toith  Hie  su/rface  of  a  solid  or  liqvid,  does  7u>t  affect 
the  density  of  the  vapawr  of  that  solid  or  liquid,  unless  (as  M.  Regnault 
has  recently  shown)  there  is  a  tendency  to  chemical  combination 
between  the  two  substances,  in  which  case  the  density  of  the  vapour 
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,  is  slightly  increased  For  example :  let  there  be  a  mass  of  liquid 
water  in  a  receiver,  at  the  temperature  of  212%  and  above  the  sur- 
face of  the  liquid  water  let  there  be  a  space  of  one  cubic  foot;  it  is 
necessaiy  to  molecular  equilibrium  at  the  given  temperature  of  212% 
that  that  space  of  one  cubic  foot  should  contain  0*03797  lb.  of  steam, 
whether  the  space  be  void  of  all  other  substances,  or  filled  with  anj 
quantity  of  air,  or  of  any  other  gaseous  substance  which  does  not 
exert  an  appreciable  chemical  attraction  on  the  water.  To  illus- 
trate the  law  further,  let  the  temperature  of  the  water  be  50^;  then 
it  is  necessary  to  molecular  equilibrium  that  the  space  of  one  cubic 
foot  above  the  water  should  contain  0*00058  lb.  of  watery  vapour, 
whether  and  to  what  amount  soever  air,  or  any  other  gaseous  sub- 
stance not  chemically  attracting  the  water,  is  contained  in  the  same 
space.  This  and  the  preceding  law  of  mixtures  of  gases  and  vapours 
(discovered  by  Dalton  and  Gay-Lussac),  enable  the  following  ques- 
tion to  be  solved : — PrMem,  Given  the  total  pressure 'P,  of  a  mix- 
ture of  a  gas  and  of  a  given  vapour,  in  a  space  saturated  with  the 
vapour  at  the  temperature  T ;  required  the  pressure  and  density  of 
the  gas  separately. — Solution,  Find,  from  a  table  of  experiments,  or 
from  a  formula,  the  pressure  of  saturation  of  the  vapour  for  the 
given  temperature  T;  let  it  be  denoted  by  p-,  then  the  pressure  of 
the  gas  is  P-^2>;  and  its  density  is  less  tluLU  the  density  which  it 
would  have  had  imder  the  pressure  P,  if  no  vapour  had  been  pre- 
sent, in  the  ratio 

V-p 

~P""' 

ExcmpU,  A  space  contains  mixed  air  and  steam,  being  saturated 
with  steam  at  50%  and  the  total  pressure  is  14*7  lbs.  on  the  square 
inch ;  what  is  the  pressure  of  the  air  separately,  and  what  weight  of 
air  is  contained  in  each  cubic  foot  of  the  space  9 — Answer,  lather 
from  M.  Kegnault's  experiments,  or  from  the  formula  already  cited, 
it  appears  that  the  pressure  of  the  steam  is  0*173  lb.  per  square 
inch;  consequently,  the  pressure  of  the  air  separately  is  14*7  — 
0*173  ^  14*527  IIdns.  per  square  inch.  Also,  the  weight  of  air  in  a 
cubic  foot,  at  14*7  lbs.  per  square  inch  and  50%  had  there  been  no 
steam  present,  would  have  been 

4.QOO.O 

0*080728  X  505^^^4^  =  0-077885  lb.; 

consequently  the  weight  of  air  actually  present  along  with  tho 
steam,  in  a  cubic  foot,  is 

0-077885  X  ^|S^  =  0-07698  lb.       Tooalf. 

14*7  igitizedbyVjOOQlC 
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A  second  problem  is,  to  find  the  density  of  the  mixture  of  gas  and 
vaponr ;  which  is  solved  by  adding  to  the  densilnr  of  the  gas  already 
found,  the  density  of  the  vapour  as  computed  by  the  methods  for- 
merly referred  ta  Thus,  in  the  case  last  given,  it  appears,  by  com- 
puting from  the  latent  heat  of  evaporation,  that  the  weight  of  steam 
in  a  cubic  foot  is  0*00058  lb. ;  consequently,  the  weight  of  a  cubic 
foot  of  the  mixture  of  air  and  steam  is  0*07698  +  0*00058  = 
0*07756  lb.  With  respect  to  the  amount  of  the  deviations  from 
the  foregoing  laws,  wiiich  occur  when  the  ingredients  of  the 
gaseous  mixture  have  a  chemical  affinity  for  each  other,  the  reader 
is  referred  to  the  later  researches  of  M.  Kegnault  already  mentioned, 
Camptes  Rendua,  1854. 

VI.  Evaporation  amd  Condenaation. — ^When  the  density  of  the 
vaporous  atmosphere  of  a  solid  or  liquid  is  diminished,  either  by 
the  enlargement  of  the  space  in  whidi  the  substance  is  contained, 
or  by  the  removal  of  part  of  the  vapour,  whether  by  mechanical 
displacement  ^as  when  it  is  blown  away  by  a  cuirent  of  air)  or  by 
condensation  m  an  adjoining  space,  the  solid  or  liquid  evaporates 
until  equilibriimi  is  restored,  by  the  restoration  of  the  vapour  to  the 
density  corresponding  to  the  existing  temperature.  The  same  thing 
takes  place  when  the  molecular  equilibrium  is  disturbed  by  conmiu- 
nicating  heat  to  the  solid  or  liquid.  When  the  density  of  the 
vaporous  atmosphere  is  increased,  either  by  the  contraction  of  the 
space  in  which  the  substance  is  contained,  or  by  the  addition  of 
vapour  from  another  source,  part  of  the  vapour  condenses  until 
equilibrium  is  restored  as  before.  The  same  thing  takes  place  when 
the  molecular  equilibrium  is  disturbed  by  abstracting  heat  from  the 
vapour.  Evaporation  is  accompanied  by  the  disappearance  of  heat, 
called  the  Latent  Heat  of  Uvaparationf  and  condensation  by  the 
re-appearance  of  heat,  according  to  laws  to  be  stated  in  Section  2  of 
this  Chapter.  When  the  space  above  the  solid  or  liquid  is  void  of 
'  foreign  substances,  the  restoration  of  equilibrium  is  sensibly  instan* 
taneous;  when  that  space  contains  foreign  gaseous  substances,  the 
restoration  of  equilibrium  is  more  or  less  retarded,  although  the 
conditions  of  equilibrium  (as  stated  in  Division  V.  of  this  Article) 
are  not  changed.  It  is  the  retardation  of  the  difiusion  of  watery 
vapour  by  the  presence  of  air  which  prevents  every  part  of  the 
earth's  a^osphere  from  being  always  saturated  with  moisture. 

YII.  Ehdlitioru — ^When  the  communication  of  heat  to  a  liquid 
mass  and  the  removal  of  the  vapour  are  carried  on  continuously,  so 
that  the  pressure  throughout  the  mass  of  liquid  is  not  greater  than 
that  of  saturation  for  its  temperature,  evaporation  takes  place,  not 
inerely  from  the  exposed  surfiEU^  of  the  liquid,  but  also  from  its 
interior:  it  gives  out  bubbles  of  vapour,  and  is  said  to  boil.  The 
ascertaining  by  experiment  of  the  temperatures  of  ebullition,  or 
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boiling  points,  of  a  liquid  under  various  pressures,  is  the  most  accu- 
xate  method  of  determining  the  relation  between  the  temperature 
«nd  pressure  of  saturation  of  its  vapour.  Conversely,  "when  that 
relation  is  known  for  a  given  fluid,  and  expressed  by  formulie  or 
tables,  the  boiling  point  of  the  fluid  may  be  made  the  means  of 
measuring  the  pressure  on  it.  On  this  principle  is  founded  the 
method  invented  by  Wollaaton,  and  since  perfected  by  Dr.  J.  D, 
Forbes,  of  deducing  the  atmospheric  pressure,  and  thence  the  eleva- 
tion of  the  place  of  observation,  from  the  boiling  point  of  water  in 
an  open  vessel,  as  measured  by  a  very  delicate  thermometer.  (See 
Edwburgh  TransacHons,  vols.  xv.  and  xxL) — ^When  the  term  hoUing 
jpoint  of  a  fluid  is  used  without  qualification,  it  means  the  boiling 
point  under  the  average  atmospheric  pressure  of  14*7  lbs.  on  the 
•quareinoh. 

VIII.  Resistance  to  BoOvng — Brine, — ^13ie  presence  in  a  liquid 
cf  a  substance  dissolved  in  it  (as  salt  in  'water),  resists  ebullition, 
and  raises  the -temperature  at  wiiich  the  liqtcid  boHs,  under  a  given 
pressure;  but  unless  the  dissolved  substance  enters  into  the  eompo- 
aition  of  the  vapoitr,  the  relation  between  the  temperature  and 
pressure  of  saturation  of  the  latter  remains  imchanged.  A  resist- 
ance to  ebtillition  is  also  ofiered  by  a  vessel  of  a  material  which 
attracts  the  liquid  (as  when  water  boils  in  a  glass  vessel),  and  the 
l)oilin^  takes  plaee  by  starts.  To  avoid  the  errors  which  causes  of 
iSbia  kmd  produce  in  the  measuremenb  of  boiling  points,  it  is  advis- 
able to  place  the  thermometer  not  in  the  liquid,  but  in  the  vapour, 
'Which  miows  liie  true  boiling  point,  freed  from  the  disturbing  eflect 
of  the  attractive  nature  of  the  vessel  The  boiling  point  of  sator- 
acted  brine  under  one  atmosphere  is  226°  Fahr.,  and  that  of  weaker 
l)rine  is  higher  than  the  boiling  point  of  pure  water  by  1°'2  Fahr. 
for  each  ^  of  salt  that  the  water  contains.  Average  sea  water 
contains  iJV;  and  the  brine  in  marine  boilers  is  not  suffered  to  con- 
tain more  than  from  A  to  A. 

IX.  N^bvJUms  or  Vesicular  Vapotbr  is  a  condition  of  fluids,  also 
called  Cloud,  Mist,  or  Fog,  in  which  the  liquid  floats  in  the  air,  or 
2D.  its  own  vapour,  in  the  form  of  innumerable  small  globules.  The 
condition  of  cloud  is  one  into  which  fluids  pass  from  the  state  of 
Tapour  on  being  condensed  by  mingling  with  cold  air.  By  heat, 
the  globules  of  cloud  are  made  to  evaporate  and  disappear;  by  cold 
they  are  made  to  coalesce  into  drops,  which  Ml  to  the  ground,  or 
adhere  to  neighbouring  solid  bodies. 

X.  Buperheated  Vapour  means  vapour  which  has  Tjeen  brought 
to  a  tenxperature  higher  than  the  boiling  point  corresponding  to  its 
pressure,  so  as  to  to  in  the  condition  Jt  a  permanent  gas.  (See 
Artides  295  to  299,  pages  428  to  443.) 

Digitized  by  CjOOQ IC 
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Section  2. — OfQxiantiiies  of  Heat. 

207.  Cmnp«iiMM  mt  4|af»Btiti«Ni  of  Heat. — The  oonditioii  of  heat 
is  measured  as  a  quantity,  and  its  amounts  in  different  bodies  and 
under  different  circumstances  compared,  by  means  of  the  changes 
in  some  measurable  phenomenon  produced  by  its  transfer  or  dis- 
appearance. Amongst  the  changes  used  for  this  parpoaB,  changes 
of  temperaiMre  will  l^  first  considered.  Heat  employed  in  prodoo- 
ing  elevation  of  temperature  is  called  sensible  hoot 

In  so  using  changes  of  temperature,  it  is  not  to  be  taken  for 
granted  that  equal  differences  of  temperature  in  the  same  ^kodj 
•  correspond  to  equal  quantities  of  heat.  This  is  the  case,  indeed,  for 
perfectly  gaseous  bodies;  but  that  is  a  fact  only  known  by  experi- 
ment. In'bodies  in  other  conditions,  equal  differences  of 'tempera- 
ture do  not  exactly  correspond  to  equal  quantities  of  lieat.  To 
ascertain,  therefore,  by  an  experiment  on  the  changes  of  temperature 
of  any  given  substance,  what  proportion  two  quantities  of  Iraat  bear 
to  each  other,  the  only  method  which  is  of  itself  sufficient  in  the 
absence  of  all  other  experimental  data,  is  the  comparison  of  the 
toeights  of  that  substance  which  are  raised  from  one  and  the  same 
lower  temperature,  to  one  and  the  same  higher  fixed  temperature, 
by  the  transfer  to  them  of  the  two  quantities  of  heat  respectively. 
For  example,  the  double  of  the  quantity  of  heat  which  raises  the 
temperature  of  one  pov/nd  of  water  from  32**  to  32°  +  30°  =  62°, 
is  not  exactly  the  quantity  of  heat  which  raises  the  temperature  of 
one  pound  of  water  from  32°  to  32°  +  60°  =  92°;  but  it  is  exactly 
the  quantity  of  heat  which  raises  the  temperature  of  ^100  povmde  of 
water  from  32°  to  62°. 

The  most  usual  experiments  on  quantities  of  heat  are  those  in 
which  the  equudUy  of  two  quantities  of  heat  is  ascertained.  For 
example,  m  pounds  of  a  substance  A,  at  a  temperature  T^,  and  n 
pounds  of  a  substance  B  at  a  lower  temperature  T,,  are  brought 
into  dose  contact,  uid  either  they  are  guad:iled  against  the  trooflier 
of  heat  to  or  from  third  bodies,  or  if  such  transfer  is  unavoidable, 
its  amount  is  ascertained  and  allowed  for.  After  a  suffiaieat  time 
has  elapsed,  equilibrium  of  temperature  takes  place,  by  both  bodiee 
acquiring  the  same  temperature  T^,  intermediate  between  T^^  Bsudi  T^ 

Then  a  certain  amount  of  the  condition  called  heest  has  been 
transferred  from  A  to  £;  and  the  effects  of  that  transfer  <ave— 

I.  The  lowering  of  the  temperature  of  m  pounds  of  Afrom  T^  toTj ; 

IL  The  raising  of  the  temperature  of  ^  pounds  of  Bfrom  T3  to  Tj ; 
from  which  we  conclude,  that  tiie  quantitiefi  of  heat  oonesponding 
to  those  two  effects  are  equal 

A  frirther  inference  from  the  same  experiment  isrthe following 
proportion.:—  igtizedb^^OOg 
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Quantity-  of  heat  corresponding  to  the  iuterval  of  temperature 

between  T^  and  Tj  in  the  substance  A, 
:  Quantity  of  heat  corresponding  to  the  interval  of  temperature 

between  T,  and  T,  in  the  substance  B 


The  same  mode  of  experimenting  may  be  applied  to  two  portions 
of  the  same  substance,  so  as  to  compare  the  quantities  of  heat 
conespouding  to  intervals  of  temperature  in  different  parts  of  the 
thermometrio  scale. 

207  A.  A  CmUwimtumr,  or  instrument  for  measuring  quantities  of 
heat,  consists  essentially  of  a  vessel  containing  a  known  weight  of 
some  convenient  liquid,  such  as  water  or  mercury — a  thermometer 
for  indicating  the  temperature  of  that  liquid, — and  if  necessaiy,  an 
agitator,  or  fan,  for  making  the  liquid  circulate,  in  order  that  all  its 
parts  may  be  at  an  uniform  temperature  at  the  same  instant 

Experiments  of  the  kind  mentioned  in  Article  207  are  performed 
by  immersing  in  the  liquid,  or  mixing  with  it,  a  known  weight  of 
the  substance  to  be  experimented  on,  at  a  known  temperature, 
different  from  the  temperature  of  the  liquid,  and  noting  the  com- 
mon temperature  of  the  liquid  and  of  the  immersed  substance  when 
equilibrium  of  temperature  is  restored;  taking  care  at  the  same 
time  that  all  losses  of  heat,  and  other  causes  of  error,  are  ascertained 
and  allowed  for. 

In  the  mercurial  calorimeter  of  MM.  Favre  and  Silbermai^, 
there  is  no  independent  thermometer;  the  instrument  being  simply 
a  mercurial  thermometer  with  a  bulb  so  large,  that  the  body  to  be 
experimented  upon  can  be  enclosed  in  a  small  chamber  in  the 
centre  of  the  bulb,  so  as  to  insure  that  all  the  heat  which  that 
body  loses  shall  be  transferred  to  the  mercury.  This  calorimeter 
has  no  agitator. 

For  examples  of  th%  construction  and  use  of  the  water  calori- 
meter, see  M.  Begnault's  papers  in  the  Memoirs  of  the  Academy  of 
Sciences  for  1647. 

208.  iTUt  mf  Heat. — For  the  purpose  of  expressing  and  compar- 
ing quantities  of  heat,  it  is  convenient  to  adopt  as  an  unit  of  heat 
or  THERMAL  UNIT,  that  quantity  of  heat  whicn  corresponds  to  some 
definite  interval  of  temperature  in  a  definite  weight  of  a  particular 
substance. 

The  thermal  unit  employed  in  Britain  is — 

The  quantity  of  heat  which  correttponds  to  an  interval  of  one  degree 
of  Fahrenheifs  scale  in  the  temperatwre  of  one  pound  of  pu/re  liquid 
toateTy  at  and  near  its  temperature  of  greatest  density  (39  '1  Fahren- 
heit). 

The  reason  for  the  limitation  to  that  part  of  the  scale  of  tern* 
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perature  which  is  near  the  temperature  of  the  greatest  density  of 
water  is,  that  the  qnantitj  of  heat  oorresponding  to  an  interval  of 
one  d^;ree  in  a  given  weight  of  water  is  not  exactly  the  same,  in 
different  parts  of  the  scale  of  temperatoreSy  but  increases  as  the 
temperature  rises,  according  to  a  law  which  will  be  stated  in  the 
next  Articla 

For  temperatures  not  higher  than  80<*  Fahrenheit,  that  quantity 
is  sensibly  constant. 

The  thermal  unit  employed  in  France  (called  CcUorie)  is  the 
quantity  of  heat  which  corresponds  to  an  interval  of  one  Centigrade 
degree  in  the  temperature  of  one  kilogramme  of  pure  liquid  water, 
at  and  near  its  temperature  of  greatest  density. 

The  following  statement  shows  the  mutual  ratios  of  the  British 
and  French  units  of  weighty  temperature,  and  heaty  with  the 
logarithms  of  those  ratios : — 

Bmtios.  LogaiithflMu 

Pounds  avoirdupois  in  a  kilogranmie, 2*20462        0*3433340 

Kilogramme  in  a  lb.  avoirdupois, <^'453593  T'6$6666o* 

Fahrenheit  degrees  in  a  Centigrade  degree,  1*8  0-2552725 

Centigrade  d^;ree  in  a  Fahrenheit  degree, •••0*555  1*7447^75' 
Britidb  thermal  units  in  a  French  thermal )       ^0  ^  o^  ^ 

unit, r  396832  0*5986065 

French  thermal  imit  in  a  British  thermal  1  ^  - 

unit^ /  0*251996  r40i393& 

Other  imits  in  which  quantities  of  heat  can  be  expressed  will  beu 
afterwards  explained. 

209.  SpeciMc  neiu  0t  i^uvMs  ud  s«iMs. — ^The  epec^  heat  of  a 
substance  means  the  quantity  of  heat,  expressed  in  thermal  units, 
which  must  be  transferred  to  or  from  an  unit  of  weight  (such  as  a 
pound)  of  a  given  substance,  in  order  to  raise  or  lower  its  tempera* 
ture  by  one  degree. 

According  to  the  definition  of  a  thermal  unit  given  in  Article 
206,  the  specific  heat  of  liquid  water  at  and  near  its  temperature 
of  maximum  density  is  unity;  and  the  specific  heat  of  any  other 
substance,  or  of  water  itself  at  another  part  of  the  scale  of  tem- 
peratures, is  the  ratio  of  the  weight  of  uxUer  ai  or  nea/r  39^*1 
Fahrenheit,  which  has  its  temperature  altered  one  degree  by  the 
trantfer  of  a  given  qwmbity  of  heat,  to  the  weight  of  the  oUuer  sub- 
stance  under  consideration,  which  has  its  tempercUure  altered  one 
degree  by  the  tranter  of  an  equal  quantity  of  heat :  the  equality  of 
quantities  of  heat  being  ascertained  in  the  manner  explained  in 
Article  207. 

The  specific  heat  of  a  substance  is  sometimes  calledits^'^  ccMKict^ 
for  heat,  9  '^^"^  ^y  vjOO^ 
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The  specific  heats  of  the  substances  to  irluch  reference  "will  afte]> 
wards  have  to  be  made  in  this  treatise^  as  expressed  in  ordinary 
thermal  imits,  are  given  in  the  columnB  headed  C  in  Table  IL,  at 
the  end  <^  the  volume. 

So  far  as  those  tables  relate  to  liquids  and  s^ida,  those 
quantities  are  to  be  regarded  as  merely  approximate  average 
values,  near  enough  to  the  truth  for  practical  purposes  at  the 
temperatures  which  usuaUj  occur ;  for  the  specific  heat  of  every 
substance  in  the  liquid  or  solid  state  is  variable,  becoming  greater 
as  the  temperature  rises;  and  that  to  an  extent  which  is  in  general 
greater,  the  more  expansible  the  substance  is. 

The  only  substance  for  which  the  exact  law  of  that  variation  has 
been  ascertained  is  water,  on  whose  specific  heat  a  series  of  precise 
exjperiments  was  made  by  M.  Regnault,  and  published  in  the 
Memoirs  of  the  Academy  ofSdencea  for  1847. 

The  following  empiricfd  formuhe,  first  published  in  the  Trana* 
adiona  of  the  Royal  Society  of  Edivbwrgh  iot  1851,  represent  very 
closely  ^e  results  of  those  experiments. 

Let  T  be  the  temperature  of  the  water,  reckoned  from  the 
ordinary  zero  of  Fahrenheit's  scala  Then  the  specific  heat  of 
water  at  that  temperature  is 

c  =  1  +  0O00000309  (T-  39«-l)2; ^...(1.) 

the  number  of  units  of  heat  required  to  raise  one  pound  of  water 
from  any  temperature  T^  to  any  other  temperature  Tj  is  as 
follows : — 

A=  J\(iT  =  T2-Ti4.0-OQ0000103  {(Tg^aQ^-l)^ 

-(Ti-39«-l)8}  (2.) 

and  the  meam  specific  heat  between  any  given  pair  of  temperatures^ 
Tj^andT2,i8 

fjT^  =  1  +  0-000000103  { (Tg  -  39'-l)2 

4.(T5-39M)(Ti-39M)  +  (Ti-39*'a)2} (3.) 

To  adapt  these  formulie  to  the  Centigrade  scale,  the  following 
alterations  are  to  be  made : — 

for  0-000000309  is  to  be  put  OOOOOOl  ; 
for  0-000000103  „  0-00000033 ; 

forT-39M,  „  T-4°. 

The^exact  equivalent  of  39''-l  Fahrenheit  is  3**"94  Centigrade;  but 
4»  is  sufiiciently  near  the  truth  for  the  present  purpose. 
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In  calculations  respecting  the  quantities  of  heat  required  hf 
masses  composed  of  yarious  materials  to  produce  given  altegalkimi 
of  temperature,  it  is  convenient  to  substitute  for  tl^  weig^  <^  eask 
material  an  equivalent  weight  of  water,  and  then  to  cdculate  for 
the  whole  mass  as  if  it  were  composed  of  water.  The  equivaleai 
weight  of  water  is  found  in  each  case  by  multiplying  the  wei^^  of 
the  materiial  in  question  by  its  cqpecific  heat. 

Suppose,  for  example,  that  a  calorimeter  contains  m  pounds  of 
water,  and  that  the  vessel  and  the  agitator  aie  made  of  copper,  and 
weigh  q  pounds.  The  solid  part  of  the  apparatus  accompanies  the 
water  in  its  changes  of  temperature;  and  the  heat  required  to  pio- 
dnce  these  chaises  must  be  taken  into  account  This  is  con- 
veniently done  by  supposing  that  for  the  q  pounds  of  copper  there 
are  substituted  *0951  q  pounds  of  water  ('0951  being  the  specific 
heat  of  copper);  and  tiien  computing  the  results  of  experiments 
made  with  ^e  calorimeter  as  if  it  consLsted  solely  of 

m  4-  0951  q  pounds  of  water. 

The  following  are  the  specific  heats  of  a  few  liquids  and  salids, 
in  addition  to  those  given  in  Table  IL  at  the  end  of  the  volume* 
Some  are  given  on  the  authority  of  M.  Eegnault ;  some  on  thai 
of  Lavoisier  and  Laplace,  some  on  that  of  Dalton,  and  the  speflifie 
heat  of  ice  on  that  of  M.  Person. 

Ice, 0504 

Sulphur, •....0-20259 

Charcoal, 0-2415 

Coal  and  coke  average, 0*201 

Alumina  ^Corundum), 0-19762 

Do.       (Sapphire), 0-21732 

Silica, 0-19132 

{Brick,  being  composed  of  silica  and  alumina,  has  probably  a 
specific  heat  of  about  0*2). 

Flint  glass, 0*19 

Carbonate  oi  lime, 0-2085 

Quicklime, 0*2169 

Magnesian  limestone, 0-21743 

{StolMSy  being  composed  chiefly  of  silica,  alumina,  and  corbo* 
nates  of  lime  and  magnesia,  have  probably  specific  heats  not 
difiering  greatly  from  0*2  or  0*22). 

Olive  oil, •....0*3096. 

From  some  of  the  above  data  may  be  dediilM^  m^usefnl  pnuy 
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iioal  ooncloBion,  that  the  average  specific  Iieal  of  the  non-mdaUic 
maimali  and  corUenti  of  a  Jitrnace,  whether  bricks,  etones,  or  Jud, 
does  not  grmtly  differ  from  one-fifth  of  that  of  water. 

It  was  discovered  by  Balong  and  Petit,  and  has  been  verified  by 
MM.  Begnanlt,  Newmann,  and  Avogadro,  that  most  known 
substances  ma^  be  arranged  according  to  the  analogies  of  their 
chemical  constitution  in  groups ;  and  that  in  any  one  given  group 
the  specific  heats  of  the  substances  are  with  few  exceptions  inversely 
as  their  chemical  equivalents ;  or,  in  other  words,  that  the  product 
of  the  specific  heat  of  a  substance  by  its  chemicad  equivalent  is  a 
constant  for  most  of  the  substances  in  one  group. 

For  most  of  the  metals,  for  example,  that  constant  product  is,-» 

According  to  the  French  scale  of  chemical  equivalents,... 37*5; 
According  to  the  English  scale, 6* 

210.  0pMUie  Mmt  m€  CteMc — ^Although  the  exact  value  of  the 
apedfio  heat  of  air  was  predicted  by  an  indirect  calculation  in 
1850,  neither  it,  nor  that  of  any  other  gas,  was  determined  accu- 
rately by  direct  experiment  until  M.  Begnault  made  his  experi- 
ments on  that  subject,  the  results  of  which  were  published  in  the 
Comptea  Rendue  of  the  Academy  of  Sciences  for  1853. 

The  specific  heat  of  a  gas  which  is  nearly  in  the  perfectly  gaseous 
state  does  not  sensibly  vaiy  with  density  or  with  temperature;  so 
that  for  such  a  gas,  equal  intervals  of  temperature  correspond  to 
eqiuil  quantities  of  heat  on  all  parts  of  the  thermometric  scales. 

Hence  it  has  been  inferred  as  probable,  that  the  absolute  sero  of 
the  perfect  gas  thermometer  (Article  201)  coincides  either  exactly,  or 
very  nearly,  with  the  absoliUe  zero  of  heat,  or  temperature  at  which 
bodies  are  wholly  destitute  of  the  condition  called  heat  This 
inference  is  corroborated  by  fstcts  to  be  mentioned  in  Chapter  IIL 
of  this  Part 

It  was  shown  by  Laplace  and  Poisson,  that  the  specific  heat  of  a 
gas  is  different,  according  as  it  is  maintained  at  a  constant  volume, 
or  at  A  constant  pressure,  during  the  operation  of  changing  its  tem- 
perature, and  that  the  ratio  which  these  two  specific  heats  bear  to 
each  other  is  connected  with  the  velocity  with  which  sound  is  trans- 
mitted through  the  gas,  in  the  following  manner : — 

When  a  pound  of  a  given  gas  is  enclosed  in  a  vessel  of  invariable 
volume,  let  c,  denote  the  number  of  units  of  heat  required  in  order 
to  raise  its  temperature  one  degrea 

"When  the  same  weight  of  the  same  gas  is  contained  in  a  space 
capable  of  enlargement,  and  subjected  to  a  constant  pressure,  and 
when  its  temperature  is  raised  by  one  degree,  it  not  only  becomes 
hotter  to  the  same  extent  as  before,  but  also  expcmds  by  0-0020276 
of  its  volume  at  32®;  and  it  is  known,  that  to  raise  its  temperature 
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one  degree,  and  expand  its  volume  by  that  fraction^  requires  a 
quantity  of  heat  c^  which  is  greater  in  a  certain  proportion  than 
that  required  merely  to  raise  its  temperature  one  degree  without 
expanding  it  (^). 

Let  the  ratio  ^  =  y.     Then  it  can  be  shown,  that  when  the 
«•      /  ' 

density  of  the  gas  D  is  made  to  vaiy  without  any  transfer  of  heat 
to  or  from  the  gas,  the  pressure  yaries  proportionally  to  that  power 
of  the  density  whose  index  is  the  ratio  y ;  that  f 


p  oc  D*- (1.) 

The  velocity  with  which  sound  is  transmitted  through  any  sub- 
stance is  the  same  with  that  which  a  heavy  body  would  acquire  in 
falling  through  one-half  of  the  height  which,  being  multiplied  by 
%  smfdl  variation  of  the  density  of  the  substance,  gives  the  corre- 
sponding small  variation  of  the  pressure.  That  ifif,  let  u  denote  the 
velocity  of  sound ;  then 

-vc^^) w 

According  to  equation  1,  for  a  gas, 

^P         vP  *  /« \ 

d'lS  =  "D'  =  '^i'  ^  =  ^P^  ^0  •  -; (3.) 

and  consequently, 

w  =  a/  (gypotfo.  ~);  v  =  -?^^ (4.) 

80  that  when  the  velocity  of  sound  at  a  given  absolute  temperature 
r  has  been  ascertained  in  a  gas  for  which  i^g  Vq  is  known,  the  ratio  y 
can  be  calculated. 

The  value  of  that  ratio  for  atmospheric  air,  as  deduced  from  the 
experiments  of  MM.  Bravais  and  Martins,  and  MM.  Moll  and  Yan 
Bc^k,  on  the  velocity  of  sound,  is 

y  =  1-408; (5.) 

and  the  same  value  agrees  veiy  nearly  also  with  the  experiments  of 
I>ulong  on  the  velocity  of  sound  in  oxygen,  hydrogen,  and  carbonic 
oxide.  For  the  denser  and  more  complex  gases,  its  value  appears 
to  be  smaller  (see  Edin.  Trans.,  1853,  vol  xx.,  page  589.) 

Owing  to  the  difficulty  of  experimenting  on  the  specific  heats  of 
I  at  constant  volume,  their  specific  heats  under  constant  pros- 
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sure  have  alone  been  found  bj  direct  experiment  with  the  calorime^ 
ter.     Examples  of  both  Idnds  of  speoifio  heat  are  given  in  Table  IL 

211.  jmammt  Hmi  means,  a  quantity  of  heat  which  has  di9ap-' 
peared;  having  been  employed  to  produce  some  change  other  thair 
elevation  of  temperature.  By  exactly  reversing  that  change,  the 
quantity  of  heat  which  had  disappeared  is  reproduced. 

When  a  body  is  said  to  possess  or  oofUam  so  much  latent  heat,, 
what  is  meant  is  this, — ^that  the  body  is  in  a  condition  into  which 
it  was  brought  from  a  former  different  condition  by  transferring  to 
it  a  quantity  of  heat  which  did  not  raise  its  temperature,  the  change 
of  condition  having  been  different  from  change  of  temperature ;  and 
that  by  restoring  the  body  to  its  original  condition  in  such  a  man- 
ner as  exactly  to  reverse  all  the  steps  of  the  former  process,  the 
quantity  of  heat  formerly  expended  can  be  reproduced  in  the  body 
and  transferred  to  other  bodies. 

The  principles  according  to  which  such  disappearance  and  pro- 
duction of  heat  take  place  belong  to  the  Second  and  Third  Chapters 
of  this  Part;  at  present  thefEicts  are  merely  to  be  stated  as  they 
are  observed. 

The  effects  other  than  rise  of  temperature,  produced  by  quanti- 
ties of  heat  which  disappear,  can  be  used  to  measure  and  compare 
those  quantities. 

212.  lisient  HcM  •£  BzpaaaiMi* — ^Heat  which  disappears  in  caus- 
ing the  volume  of  a  body  to  increase  under  a  given  pressure,  has 
ali^dy  been  illustrated  in  the  case  of  gases.  For  example,  to 
raise  ike  temperature  of  a  pound  of  air  one  degree  of  Fahrenheit, 
and  at  the  same  time  to  increase  its  volume  by  0*0020276  of  its 
volume  at  32^,  requires  c,  =  0*238  of  a  thermal  unit;  while  the 
mere  rise  of  temperature,  without  expansion,  requires  only  c,  = 
0*169;  and  it  is  evident  that  the  difference  between  those  quanti- 
ties, or  c,  —  c«  =  0*069  of  a  thermal  unit,  is  the  Iieat  vJhick  cUaap- 
pears  in  producing  the  before-mentioned  expwnaion;  or,  in  oth^ 
words,  the  latefrU  heat  of  expansion  of  the  air,  for  an  eiqpaafflon  of 
0*0020276  of  its  volume  under  the  same  pressure  at  32®. 

^  The  &ct  already  mentioned,  that  the  increase  of  the  specific  heat 
of  solids  and  liquids  as  the  temperature  rises  is  greatest  for  those 
which  are  most  expansible  by  heat,  and  in  particular,  the  instance 
of  that  &ct  which  takes  plac^  for  water,  whose  least  specific  heat 
corresponds  to  its  greatest  density,  makes  it  probable  that  the 
'variable  part  of  the  specific  heat  of  solids  and  liquids  is  latent  heat 
of  expansion;  and  that  the  real  apecyic  heat  of  every  substance,  or 
^e  heat  which  produces  changes  of  temperature  alone,  is  constant 
for  all  temperatures. 

213.  MmMmM  Kmu  mf  FasiMi. — ^When  a  body  passes  from  the 
solid  to  the  liquid  state,  its  temperature  remains  stationary,  or 
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nearly  statianaiyy  at  a  certain  meUmg  point  (Art  205)  during  tlie 
whole  operation  of  melting;  and  in  order  to  make  that  operation 
go  on,  a  quantity  of  heat  must  be  transferred  to  the  substance 
melted,  having  a  certain  amount  for  each  unit  of  weight  of  the 
substoDce.  That  heat  does  not  raise  ike  temperature  of  the  sub- 
stance, but  dieappe(»r8  in  causing  its  condition  to  change  from  the 
solid  to  the  liquid  state ;  and  it  is  called  the  kUeni  heat  qfjudon. 

When  a  body  passes  from  the  liquid  to  the  solid  state,  its  tem- 
perature remains  stationny  or  neariy  statkinaij  during  l^e  whole 
operation  of  freezing;  a  qiumtity  of  heat  equal  to  the  latent  heat 
of  fusion  is  produced  in  the  body;  and  in  order  that  the  opeia- 
tion  of  freezing  may  go  on,  that  heat  must  be  transferred  from 
the  body  to  some  other  body. 

The  following  are  examples  in  British  thermal  units  per  lb. : — 


Snbstaiioet.  MdtiDg  pointa.  ^^UoT' 

loe  (according  to  Pedet), 32*^ 13^ 

„    (according  to  Person), 32  142*65 

Spermaceti, 56  148 

Bees'waz, 140  175 

Phosphorus, • 177  9*06 

Sulphur, 405 16*86 

Tin, • 426  500 

M.  Person,  in  a  paper  published  in  the  Annales  de  Chimie  et  d$ 
Fhysiqite,  for  November,  1849,  gives  the  following  law  as  the  result 
of  his  experiments  on  the  latent  heat  of  fusion  of  non-metallio 
substances: — 

Let  c  be  the  n)ecific  heat  of  the  substance  in  the  solid  state ; 

<f,  its  specific  neat  in  the  liquid  state ; 

T,  its  temperature  of  fusion  in  Fahrenheit's  ordinary  scale;  then 
the  latent  heat  of  fusion  of  one  pound,  in  British  thermal  units,  is 

i  =  ((/  —  c)  (T  +  256'') (1.) 

In  the  case  of  ice,  for  example,  c  =  0*504;  c'  =  1 ;  T  =•-  32°,  and^ 

I,  by  calculation, =  '496  x  288  =  142*86 

I,  by  experiment,  according  to  M.  Person,. •• =  142*65 

Difference, 0*21 

M.  Person  also  gives  a  general  formula  for  the  latent  heat  of 
fusion  of  metals,  as  to  which  it  is  sufficient  here  to  refior  the  reader 
to  the  original  paper  cited.  r^ 

The  fiiiuon  of  solids  is  sometimes  used  foi^Me^hisasurement  of 
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quantities  of  heat.  For  example,  an  ice  ealoriTneter  consists  essen- 
tially of  a  block  of  ice,  in  which  a  cavity  has  been  made,  with  a 
stopper  of  ice  for  closing  it  If  a  piece  of  some  substance  at  a  given 
temperature,  higher  than  32^,  is  enclosed  in  that  cavity  until  its 
temperature  falls  to  32°,  the  quantity  of  heat  transfeiTed  from  it  to 
the  ice  is  indicated  by  the  weight  of  ice  melted,  being  at  the  rate 
of  142  British  thermal  units  for  each  pound  of  ice  melted. 

The  lowering  of  the  melting  point  of  ice  by  pressure,  discovered 
by  Mr.  Thomson,  will  be  described  in  Chapter  III. 

214.  i««tMit  HcM  9£  BmBpMMtiMi. — ^When  a  body  passes  from  the 
solid  or  liquid  to  the  gaseous  state,  its  temperature  during  the  whole 
operation  remains  stationary  at  a  certain  bailing  point  (.ijticle  206) 
depending  on  the  pressure  of  the  vapour  produced ;  and  in  order  to 
make  the  evaporation  go  on,  a  quantity  of  heat  must  be  transferred 
to  the  substance  evaporated,  whose  amount,  for  each  unit  of  weight 
of  the  substance  evaporated,  depends  on  the  temperature.  That  heat 
does  not  raise  the  temperature  of  the  substance,  but  disappeara  in 
causing  it  to  assume  the  gaseous  state;  and  it  is  called  the  latent 
heato/evapartUion, 

When  a  body  pssses  from  the  gaseous  state  to  the  liquid  or  solid 
state,  its  temperature  remains  stationary,  during  that  operation,  at 
the  boiling  point  corresponding  to  the  pressure  of  the  vapour;  a 
quantity  of  heat  equal  to  the  latent  heat  of  evaporation  at  that 
temperature  is  produced  in  the  body;  and  in  order  that  the  opera- 
tion of  condensation  may  go  on,  that  heat  must  be  transferred  frx>m 
the  body  condensed  to  some  other  body. 

The  relations  which  exist  between  the  latent  heat  of  evaporation, 
and  the  pressure  and  volume  of  the  vapour,  will  be  explained  in 
Chapter  IIL 

The  following  are  examples  of  the  latent  heat  of  evaporation  in 
British  thermal  units,  of  one  pound  of  certain  substances,  when  the 
pressure  of  the  vapour  is  one  atmosphere  of  14*7  lbs.  on  the  square 
inch: — 

Boiling  point  T^f«»  Yi«.f  ?« 

.      SoteUDC^         nDderon,«m.  bS.  ^itk  ^»^^- 

raor. 

Water,..., 2i2**'o        ...         966-1         ...        Eegnault. 

Alcohol,. 172-2         ...         364'3         ...        Andrews. 

jEther, 95-0        ...         1628         ...  da 

^"in"*.:f}"*«        -        ^560        ...  da. 

The  latent  heat  of  evaporation  of  water  at  a  series  of  boiling 
points  extending  frxim  a  few  degrees  below  its  freezing  point  up  to 
about  375**  Fahrenheit  has  been  determined  experimentally  by  M. 
RegDaidt  {Memoirs  o/tlie  Academy  0/ Sciences,  1847).     The  follow- 
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ing  empirical  formula  represents  the  results  of  those  experiments  - 
with  great  precision,  in  British  Uiermal  units : — 

I  =  1091-7  —  0-695  (T  —  32^  —  0-000000103  (T  —  39<>-l)»....(l.) 

This  formula  is  not  exactly  the  same  with  that  given  by  M. 
Begnault  himself,  but  is  slightly  modified  for  reasons  explained  in 
H  paper  on  the  specific  heat  of  liquid  water,  in  the  Transactions  of 
the  Royal  Society  of  Edinburgh^  vol.  xx.  For  the  Centigrade  scale, 
in  Frmuh  units,  it  becomes 

I  =  606-5  —  0-695  T  —  0-0000003S  (T  —  4°)» (2.) 

In  most  of  the  cases  which  occur  in  practice,  it  is  sufficient  to 
calculate  the  latent  heat  of  evaporation  of  water  by  the  following 
approximate  formula : — 

i nearly  =  1092  —  0-7  (T—  32o)  =  966  — 0-7  (T—  21 2**)... (3.) 

The  latent  heats  of  evaporation  of  other  substances  at  pressures 
different  from  one  atmosphere  have  not  yet  been  ascertained. 

215.  T«cai  Hc«t  •f  BravMrnttoaf  or  uHol  heat  ofvapour^  is  a  con- 
ventional phrase  used  to  denote  the  sum  of  the  heat  which  disappears 
in  evaporating  one  pound  of  a  given  substance  at  a  given  tempera- 
ture (or  latent  heat  of  evaporation\  and  of  the  heat  required  to  raise 
its  temperature,  be^re  evaporation,  from  some  fixed  temperature 
up  to  the  temperature  of  evaporation.  The  latter  part  of  the  total 
heat  is  called  the  sensible  heat. 

To  express  this  by  symbols,  let  T,  be  the  temperature  at  which 
the  substance  is  origii^y  obtained,  T,  that  at  which  it  is  evapor- 
ated, 0  its  mean  specific  heat  betwe^i  those  temperatures,  and  c^  its 
latent  heat  of  evaporation  at  the  temperature  T^;  then  its  total 
lyeal  ofevaporaiionyfrom  T«,  al  Tj,  is  thus  expressed — 

/4„  =  c(Tj-T,)  +  ?, (1.) 

In  formuke  and  tables  relating  to  the  total  heat  of  evaporation,  it 
is  usual  to  take  for  the  original  temperature  Tj,  that  of  melting  ice. 

In  the  case  of  water,  the  experiments  of  M.  Renault,  already 
referred  to,  led  him  to  the  discovery  of  the  very  simple  law,  that 
the  total  heat  of  steam  from  the  temperature  of  melting  ice  increases 
<U  an  uniform  rate  as  the  temperature  of  evaporation  rises.  The 
following  is  the  formula  by  which  that  law  is  expressed,  for  Fah- 
renheit's scale  and  British  units : — 

h  =  1091-7  +  0-305  (T  —  32*^); (2.) 

which,  for  the  Centigrade  scale  and  Frendi  units,  becoi^es 

h  =  606-5  +  0-305  T.....lt^^?:,V:^?.?.^^) 
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.  It  is  by  stibtTacting  from  this  expression  the  quantity  of  heat 
required  to  raise  unity  of  weight  of  water  fix)m  the  temperature  of 
melting  ice  to  the  temperature  of  evaporation  T,  as  given  in  Article 
209,  that  the  formula  1  and  2  of  Article  214  are  obtained. 

Let  Cq,2^  the  mean  specific  heat  of  water  between  the  tempera- 
ture of  melting  ice  and  the  temperature  Tg  of  the  "fied  water  ** 
supplied  to  a  boiler ;  then  we  have,  for  the  total  heat  expended 
per  pound  of  water  evaporated  yr<w?i  Tg  o^  T^,  the  following  formula 
(in  British  units)  : — 

7*5,1=1091-7 +O-3O5(T,  —  32°)-cb„(T2—32'0;...(3.) 

the  last  term  showing  the  diminution  of  the  expenditure  of  the 
heat  consequent  upon  the  temperature  of  the  feed  water  bein^ 
Tg  —  32®  higher  than  that  of  melting  ice. 

In  most  of  the  cases  which  occur  in  practice,  small  fractions  mar 
be  neglected,  and  the  specific  heat  of  liquid  water  may  be  treated 
as  constant,  and  =  1 ;  so  that  the  following  approximate  formulae 
are  in  such  cases  sufficient : — 

h  =  1092  +  0-3  (T  —  32°)  =  1146  +  0-3  (T  —  :212°)-,...(4.) 

A^,!  =  1092  +  0-3  (T^  —  ZT)  —  (Tj  —  32%. (5.) 

215  A.  iSKtmMmwtmtmA  •€  HcM  %f  lEimpMuU»« — ^Tfae  beat  pro- 
duced by  the  combustion  of  a  given  weight  of  fuel  (of  which 
examples  will  be  given  in  Chapter  II.)  is  usually  ascertained  Ijy 
finding  what  weight  of  water  it  evaporatea  In  such  experiments, 
it  is  essential  to  the  obtaining  of  accurate  results  that  the  "tempeiu- 
ture  of  the  feed  water  and  the  temperature  of  evaporation  should 
both  be  ascertained,  and  the  total  heat  per  poimd  of  water  com- 
puted; for  which  purpose  the  approximate  formula  5  is  sufficient. 
That  tetal  heat  being  divided  by  966,  the  latent  heat  of  evaporation 
of  a  pound  of  water  at  212°,  gives  a  muUiplier,  by  which  the  weight 
of  water  actually  evaporated  by  each  pound  of  fuel  is  to  be  midti- 
plied,  to  reduce  it  to  the  equivalent  evaporation  from  and  at  212^ ; 
that  is,  the  weight  ofwcUer  which  would  have  been  evaporated  hy  each 
pound  of  fuel  f  had  tJie  usater  been  both  supplied  and  evaporated  al  the 
boiling  point  corresponding  to  the  mean  a/mospheric  pressure. 

The  weight  of  water  so  calculated  is  called  the  evaporative  power 
of  the  fiieL  To  state  it  is,  in  fact,  to  employ  a  peculiar  thermal 
unit, — ^viz.,  the  latent  heat  of  evaporation  of  one  pound  of  water  at 
212°,  which  is  966  times  greater  than  the  ordinary  British  thermal 
unit  To  exemplify  the  reduction  above  described,  let  the  water  be 
supplied  to  the  boiler  at  104°  Fahr.,  and  evaporated  at  230°  Then 
by  equation  5  of  Article  15,  the  total  heat  of  evaporation  in  com- 
mon British  imits  per  poimd  of  steam  is  (neglecting  fiiuctions), 
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^2,1  =  1092+-^.  198  —  72  =  1079; 

and  the  multiplier  by  which  the  weight  of  water  actually  evaporated 
is  to  be  multiplied  to  find  the  equivalent  evaporation  from  and  at 
212^  ifl 

L^^^-    =  1117 
96G  • 

The  following  is  a  convenient  form  of  the  expression  for  that 
multiplier,  or /actor  of  evaporation  ;— 

0-3  (Ti  — 212")+  (212°  — Tg) 
^    "^  966  • 

The  table  on  the  next  page  gives  the  factor  of  evaporation  m 
calculated  by  the  above  formula,  for  various  temperatures  of  feed 
water  and  of  boiling  point 

216  T«cai  Mtmt  of  Ctaitciictittoii. — It  is  demonstrated  by  rea- 
soning to  be  explained  in  Chapter  III.  that  the  total  heat  required 
to  convert  a  given  substance  from  a  state  of  great  density  at  a  given 
temperature  Tq,  to  the  perfectly  gaseous  state  at  a  given  temperature 
Tj,  the  operation  being  completed  under  any  constant  pressure,  i» 
given  by  the  equation 

A  =  a  + «/  (Ti  _  To) (!.)• 

where  a  is  a  constant,  and  d  is  the  specific  heat  of  the  substance 
in  the  perfectly  gaseous  state,  under  constant  pressure.  For  steam  in 
the  perfectly  gaseous  state,  or  steam-gas,  as  it  may  be  called,  for  whick 

;)o  Vo  =  42141  foot-lbs., 
the  best  existing  data  give 

a  =  1095;) 

.  =  0.474 ^'"^ 

For  example,  to  convert  one  pound  of  water  at  32®  into  steam-gas 
at  212^,  requires 

1092 +  -475  X  180  =  1177 

units  of  heat ;  being  more  than  the  quantity  required  to  make 
saturated  steam  at  the  same  temperature,  in  the  ratio 

l^e  -  ■-- 

*  Equation  1  was  fint  deiDonstrated  for  certain  cases  in  1849,  in  a  paper  publbhed 
in  the  TVafuactioM  qfthe  Royal  Society  of  Edmburgh,  vol.  sx.;  and  was  afterwards 
more  gmerally  demonstrated  in  a  paper  read  to  that  Sodetr  in  1855|  but  not  yet 
published. 
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Section  S,^0/the  Trcms/er  of  Heat 

217.  TnuMAr  •£  Best  la  OetMnO. — It  has  already  been  explained 
(Articles  196,  197),  that  equality  of  temperature  between  two 
bodies  consists  in  the  absence  of  any  tendency  to  transfer  of  heat 
between  them ;  and  that  when  their  temperatures  differ,  there  is 
a  tendency  to  equalize  their  temperatures,  by  the  transfer  of  heat 
fioxa  the  hotter  to  the  colder.  That  tendency  is  the  greater,  the 
greater  the  difference  between  those  temperatures. 

The  rate  at  which  the  transfer  of  heat  takes  place  between  two 
bodies,  at  unequal  temperatures,  depends — 

First.,  on  the  tendency  to  transfer  heat,  increasing  as  some  func- 
tion of  the  two  temperatures  and  their  differenca 

Secondly,  on  the  areas  of  those  parts  of  the  surfaces  of  the  bodies 
through  which  the  transfer  of  heat  takes  place.  In  most  of  the 
cases  which  occur  in  practice,  those  areas  are  equal,  and  then  the 
rateof  transfer  of  heat  is  directly  proportional  to  their  common  extent. 

Thirdly y  on  the  nature  of  the  material  of  each  of  the  bodies,  and 
the  condition  of  their  surfaces. 

Fowrthly,  on  the  nature  and  thickness  of  the  intervening  sub- 
stances, if  any.  Increase  of  that  thickness  diminishes  the  rate  of 
transfer  of  heat. 

The  transfer  of  heat  takes  place  by  three  processes,  called  respec- 
tively, radiation,  conduction,  and  convection, 
.  218b  BadiiAiiMi  of  heat  takes  place  between  bodies  at  all  distances 
apart>  in  the  same  manner  and  according  to  the  same  laws  with  the 
radiation  of  light  Its  phenomena  have  been  studied,  and  its  laws 
ascertained,  by  many  scientific  inquirers;  but  for  purposes  con- 
nected with  prime  movers  driven  by  means  of  heat,  the  exact  and 
complete  statement  of  those  laws  is  imnecessary.  It  is  sufficient  to 
state,  that  the  rate  of  radiation  of  heat  by  the  hotter  of  a  pair  of 
bodies,  and  of  its  absorption  by  the  colder,  are  increased  by  dai*k- 
ness  and  roughness  of  the  surfaces  of  the  bodies,  and  diminished  by 
smoothness  and  polish. 

219.  emmdm^omm  is  the  transfer  of  heat  between  two  bodies  or 
parts  of  a  body,  which  touch  each  other.  It  is  distinguished  into 
internal  and  external  conduction,  according  as  it  takes  place  between 
the  parts  of  one  continuous  body,  or  through  the  surface  of  contact 
of  a  pair  of  distinct  bodies. 

The  rate  at  which  conduction,  whether  internal  or  external,  goes 
on,  being  proportional  to  the  area  of  the  section  or  surface  through 
which  it  takes  place,  may  be  expressed  in  the  form  of  so  many 
thermal  units  per  square/oot  of  area,  per  hour. 

The  rate  of  internal  conduction  through  a  given  substance,  jthus 
expressed,  is  proportional—  9  '^^^  by  LjOOg le 
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I.  To  the  rate  at  which  the  temperature  varies  along  a  line  per- 
pendicular to  the  section  through  which  the  heat  is  truisferred. 

IL  To  a  co-efficient  called  the  vnierrvol  comdvxixv^Jty  of  the  sub- 
stance, which  depends  on  the  nature  of  the  substance.  It  also 
depends  to  a  small  extent  on  the  temperature  at  the  section  under 
consideration^  being  in  general  somewhat  greater  at  higher  than  at 
lower  temperatures;  but  the  law  of  its  increase  with  temperature 
bas  not  yet  been  accurately  ascertained  in  any  case ;  and  it  is 
usually  treated  as  approximately  constant. 

Those  laws  are  expressed  mathematically  as  follows : — 

Let  d  X  denote  the  distance,  in  a  direction  perpendicular  to  a 
sectional  plane  through  which  heat  ia  transferred,  between  a  pair  of 
points  in  a  mass  of  a  given  substance ; 

d  T,  the  difference  between  i^e  temperatures  of  the  mass  of  those 
points; 

Then  this  rate  of  conduction  through  the  given  sectional  plane 
may  be  represented  by 

'='-ji^ (■•) 

k  being  the  co-efficient  of  conductivity.  Now  in  cases  where  k 
without  sensible  error  may  be  treated  as  constant,  the  above  equa- 
tion leads  to  the  conclusion,  that  the  rate  of  conduction  through  a 
Jl<U  layer,  of  any  uniform  thickness,  is  simply  proportional,  directly 
to  the  difference  between  the  temperatures  of  the  two  faces  of  the 
layer,  and  inversely  to  its  thiclmess;  a  principle  expressed  as 
follows : — 

?=^'^-^; (2) 

where  V  and  T  are  the  temperatures  at  the  two  faces  of  the  layer, 
and  X  its  thickness.  For  reasons  which  will  afterwards  appear,  it 
is  convenient,  in  cases  of  this  kind,  instead  of  the  conductivity  k 
itself,  to  use  its  reciprocal,  which  may  be  called  the  internal  U^ermal 
resistance  of  the  substance,  and  may  be  represented  as  follows  : — 

e  =  ^' <3) 

eo  as  to  transform  equation  2  into  the  following  form : — 

T  —  T 


.(4.) 


The  following  are  some  values  of  the  co-efficient  of  thermal 
resistance  g,  for  different  substances,  when  q  is  expressed  in  ihei'mal 
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vmiia  per  hnjur  per  Mqua/re  foot  of  area,  and  x  in  imheSy  as  computed 
from  a  table  of  conductivitieB  deduced  by  M.  Peclet  from  experi- 
ments \j  M.  Despretz : — 

Gold,  platinum^  silver, ^ — ••».^'ooi6 

Oopper, 00018 

Iron, ^ o'oo43 

Zinc, 0*0045 

liCad, ^ o-oopo 

Marble, ••0*0716 

Brick, 0*1500 

The  total  internal  thermal  resistance  of  a  plate  consisting  of 
layers  of  different  substances  may  be  found  by  adding  together  the 
resistances  of  the  several  layers.  Thus,  let  x  denote  ihQ  thickness 
of  any  one  of  those  layers;  e>  ^«  co-efficient  of  thermal  resistance 
of  the  substance  of  which  it  consists  :  let  2,  as  usual,  denote  the 
summation  of  a  set  of  quantities,  so  that  2  *  x^  for  example,  is  the 
total  thickness  of  the  compound  plate  ;  then 

is  the  total  thermal  resistance  of  that  plate,  and 

r  — T  ,., 

^=-2^7^- - <^'> 

the  rate  of  conduction  through  it  per  square  foot  per  hour,  when 
T'  and  T  are  the  temperatures  of  its  hotter  and  cooler  faces  respec- 
tively. 

The  rate  of  external  conduction  through  the  bounding  surfisu^e 
between  a  solid  body  and  a  fluid  is  approximately  proportional  to 
the  difference  of  temperature,  when  that  is  small;  out  when  that 
difference  is  considerable,  the  rate  of  conduction  increases  fester 
than  in  the  simple  ratio  of  that  difference,  as  will  afterwards  be 
shown  more  in  detail 

The  rate  of  external  conduction  may  be  expressed  by  dividing 
the  difference  of  temperature  by  a  co-efficient  of  eodterTud  thermal 
reeistancey  depending  on  the  nature  of  the  substances,  and  also  on 
their  temperatures.  Let  the  values  of  that  co-efficient,  for  the  two 
surfaces  of  a  given  plate,  be  denoted  by  9,  v,  respectively;  let  x  be 
the  thickness  of  the  plate  in  inches,  as  before,  and  ;  its  co-efficient 
of  internal  thermal  resistance;  then  the  total  thermal  resistance  of 
the  plate  and  of  its  two  external  sur&oes  is 

9'+^  +  tx;  rr^f^n]o 

Digitized  by  VjOOQ  IC 

and  the  rate  of  conduction  through  it  is 
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»  =  7+7+7^- (^-^ 

Where  T,  T,  are  now  the  temperatures,  not  of  the  two  snrfaceR  of 
the  plate,  but  of  the  two  fluids  which  are  respectively  in  contact 
with  its  two  fitcee. 

The  external  thermal  resistance  of  the  metal  plates  of  boiler  flues 
and  tubes,  and  other  apparatus  used  for  heating  and  cooling  fluids, 
is  so  much  greater  than  the  internal  thermal  resistance,  that  the 
latter  is  inappreciable  in  comparison;  and,  consequently,  the  nature 
and  thickness  of  those  plates  has  no  appreciable  efiect  on  the  rate 
of  conduction  through  iJiem. 

The  combined  external  thermal  resistances  of  both  sur&oes  of  a 
plate,  when  one  is  in  contact  with  a  liquid  and  the  other  with  air, 
naye,  according  to  M.  Peclet,  values  capable  of  being  expressed  hj 
the  following  formula : — 

'■'■''"  A  {1+B(T'—T)} ^^'^ 

in  which  the  constants  depend  chiefly  on  the  condition  of  the  surface 
of  the  body,  and  have  the  following  valued  :— 

B  for  polished  metallic  sur&ces, 0*0038 

B  for  rough  metallic  surfstces,  and  non-metallic  surfaces,  0-0037 

A  for  poUshed  metals,  about .0-90 

A  for  glassy  and  varnished  surfieu^es, 1-34 

A  for  dull  metallic  surfiBU^ 1*58 

A  for  lamp  black, 178 

When  a  metal  plate  has  a  liquid  at  each  side  of  it,  it  appears 
firom  experiments  by  M.  Peclet^  that  the  constants  in  equation  7 
take  the  following  values  : — 

B  =  0-058;  A  =  8-8. 

It  will  be  shown  in  a  subsequent  Article,  that  the  results  of 
experiments  on  the  evaporative  power  of  boilers  agree  very  well 
with  the  following  approximate  formula  for  the  thermal  resistance 
of  boiler  plates  and  tubes  : — 

^  +9  =  rjyt  rji  ; - (8.) 

which  gives  for  the  rate  of  conduction,  per  square  foot  of  sur&ce 
per  hour, 


CP  — -  T)* 
?  =  ^ — - — - ^^»^G^O^ 
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This  formula  is  not  proposed  as  being  more  than  a  rough  approxi- 
mation, but  its  simplicity  makes  it  veiy  convenient,  and  it  will  be 
shown  that  it  is  near  enough  to  the  truth  for  its  purpose. 

The  value  of  a  lies  between  160  and  200. 

220.  ci«i¥«cttoa  •r  Ganrteg  of  heat  means  the  transfer  and 
diffusion  of  the  state  of  heat  in  a  fluid  mass  by  means  of  the  motion 
of  the  particles  of  that  mass. 

The  conduction,  properly  so  called,  of  heat  through  a  stagnant 
mass  of  fluid,  is  very  slow  in  liquids,  and  almost^  if  not  wholly, 
inappreciable  in  gases.  It  is  only  by  the  continual  circulation  and 
mixture  of  the  particles  of  the  fluid  that  uniformity  of  temperature 
can  be  maintained  in  the  fluid  mass,  or  heat  transferred  between 
the  fluid  mass  and  a  solid  body. 

The  laws  of  the  cooling  of  thermometer  bulbs  by  convection, 
when  placed  in  receivers  filled  with  different  gases  in  different 
states  as  to  pressure,  were  ascertained  by  Dulong  and  Petit;  but 
the  circumstances  of  the  experiments  were  too  unlike  those  which 
occur  in  boilers  and  furnaces  to  enable  those  lows  to  be  used  in  the 
solution  of  questions  connected  with  heat  engines. 

The  free  circulation  of  each  of  the  fluids  which  touch  the  sides  of 
a  solid  plate  is  a  necessary  condition  of  the  correctness  of  the  for- 
mula for  the  conduction  of  heat  through  that  plate,  which  have 
been  given  in  Article  219;  and  in  each  of  those  formula  it  is 
implied,  that  the  circulation  of  each  of  the  fluids  by  currents  and 
eddies  is  such  as  to  prevent  any  considerable  difference  of  tempera- 
ture between  the  fluid  particles  in  contact  with  one  side  of  the 
solid  plate  and  those  at  considerable  distances  from  it. 

It  is  to  promote  that  circulation,  and  so  to  insure  uniformity  of 
temperature  in  the  fluid  mass,  that  an  agitator  is  employed  in  the 
water  calorimeter,  as  already  stated  in  Article  207  A.  For  a 
similar  purpose,  large  boiler  flues  are  sometimes  provided  with 
"bqfflers;**  that  is,  projecting  partitions  which  compel  the  hot 
gases  to  take  a  circuitous  course,  in  order  that  eddies  may  be 
formed,  so  as  to  bring  as  many  different  particles  as  possible  suc- 
cessively in  contact  with  the  heating  suifEica  Those  bafflers,  how- 
ever, have  also  another  object,  which  is  to  promote  that,  thorough 
mixture  of  air  with  the  inflammable  gas  from  the  fuel,  which  is 
necessary  to  complete  combustion. 

The  most  rapid  convection  of  heat  is  that  which  is  effected  by 
means  of  cloudy  vapour,  which  combines  the  mobility  of  a  gas  witib. 
the  comparatively  greater  conducting  power  of  a  liquid;  aa  when 
steam  communicates  heat  to  a  solid  body  by  condensing  on  its 
surface.  Some  data  as  to  the  rate  at  wluch  this  process  goes  on 
wiU  be  given  in  Article  222.  gtizedbyGoOQ    . 

W  hen  heat  is  to  be  transferred  by  convection  from  one  ^uid  V' 
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moUiar  throng  aa  interyeiuiig  layer  of  ineiiJ,  ^e  motiois  of  the 
ipwo  fluid  masses  siKHild  if  possible  be  in  appotite  direatiauB,  in  order 
that  the  hottest  partides  of  each  fluid  may  be  in  oommunication 
with  the  hottest  particles  of  the  other,  and  that  the  rndnimum 
difiej^Biiee  of  temperature  between  tiie  a^yaoent  partidflii  of  the  two 
fluids  may  be  the  greatest  poesibla 

Thus  in  the  sur^ce  condensation  of  steam,  by  passing  it  throu^ 
metal  tubes  immersed  in  a  current  of  cold  wuter  or  air,  the  cooling 
fliidd  should  be  made  to  move  in  ihe  opposite  direction  to  the  con- 
densing steam. 

In  a  steam  boiler,  it  is  Betvourable  to  economy  of  fiiel  that  the 
motion  of  tiie  water  and  steam  should  on  the  whole  be  opposite  to 
that  of  the  flame  and  hot  gas  for  the  furnace. 

Thus,  if  there  is  a  ^'feed-water  heater,"  consisting  of  a  set  of 
tubes  through  which  the  water  passes  to  be  heated  before  entering 
the  boiler,  ^t  aj^Muratus  should  be  placed  in  or  near  the  foot  of 
the  chinmey,  so  as  to  be  heated  by  gas  that  has  left  the  boiler,  and 
thus  to  employ  heat  that  would  (^Jierwise  be  wasted^  1^  coolest, 
that  is,  the  lowest  portions  of  the  water  in  the  boiler,  should,  if 
practicable  and  convenient,  be  contiguous  to  the  coolest  parts  of  the 
furnace  and  heatiog  surface;  and  i£  there  is  apparatus  for  super- 
haating  the  steam,  or  raising  its  temperature  aboTO  the  boiling  point 
correspondinff  to  its  pressure,  that  apparatus  will  be  most  efficient 
if  placed  in  &e  hottest  part  of  the  furnace,  like  that,  for  example, 
of  Messrs.  Parsons  and  Pilgrim. 

221.  mmvkmuf  •r  Mimttag  ShtAmo. — ^When  a  layer  of  metal, 
lying  betweffli  two  flowing  masses  of  fluid,  serves  as  the  means  of 
transmitting  heat  from  the  hotter  to  the  cooler  of  those  masses,  the 
proportion  borne  by  the  quantity  of  heat  so  transmitted  to  tiie 
wh<^  quantity  of  heat  which  the  hotter  mass  must  lose  in  order  to 
reduce  it  to  the  temperature  of  the  colder  mass,  may  be  called  the 
efidmcy  of  the  heating  sur&ce  of  that  layer  of  metal 

In  most  <^  the  cases  that  occur  in  practice,  the  layer  of  metal 
consists  of  the  flues,  tubes,  and  other  portions  of  the  solid  material 
of  a  boiler  which  are  exposed  to  beat ;  the  cooler  fluid  is  the  water 
in  the  boiler,  which  is  introduced  by  degrees  in  the  liquid  state  at 
a  low  temperature,  raised  to  a  higher  temperature,  and  evaporated; 
the  hotter  fluid  is  tiie  stream  of  air  and  hot  gases  which  comes  from 
thefhmaee,  flows  along  the  heating  sur&ce,  and  finally  escapes  by 
the  chimney. 

Let  W  denote  the  weight  of  gas  given  out  by  the  furnace  in  an 
hour;  &  its  specific  heat  at  constant  pressure;  T  —  ^  the  excess 
<^  its  temperature  above  that  of  the  water  in  the  boiler  when  it  is 
in  contact  with  some  given  portion  of  the  heating  sur&ce,  the  area 
of  which  portion  is  a  «;  let  q  denote  the  rate  of  conduction  per 
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square  foot  of  sor&ce  per  hour,  correspoading  to  the  difference  of 
temperature  T  —  i ;  then 

qda 

is  the  heat  transmitted  by  the  portion  da  oi  the  heating  soiiaee 
from  the  hot  gas  to  the  water,  and 

^^^-dl, (1.) 

is  the  lowering  of  the  temperature  of  the  gas  by  passing  over  the 
portion  of  heating  surface  da.  It  arrives  at  the  next  elementary- 
portion  of  heating  surface  with  a  diminished  temperature,  and  the 
rate  of  conduction  is  th^:^ore  diminished ;  so  that  each  successive 
equal  portion  of  the  heating  sur&oe  transmits  a  less  and  a  less 
quantity  of  heat,  until  the  hot  air  at  last  leaves  the  heating  sur^e 
and  escapes  up  the  chimney,  with  a  certain  remaining  excess  of 
temperature  above  that  of  the  water  in  the  boiler,  the  heat  ooire- 
sponding  to  which  excess  is  wasted. 

Let  Tj  denote  the  temperature  of  the  hot  gas  when  it  first  comes 
in  contact  with  the  heating  surface ;  Tj  its  temperature  when  it 
finally  leaves  the  heating  sur&ce;  then 


the  whole  heat  expended  per  hour  is  c^  "W  (Tj  — 1))\ 
the  heat  wasted  per  hour  c^W  (Tg  —  <) ;  j 

the  efficiency  of  the  heating  surface, 

Tt-T,.    


(2.) 


.(3.) 


T,  — <  " 

and  all  those  qunntities  are  connected  together  by  the  equation  1, 
or  by  either  of  the  following  eqaations,  which  are  different  ways  of 
expressing  its  integral : — 


c^W(Ti-Tj)=/gd«; (4.) 


in  which  last  equation,  S  denotes  the  whole  heating  sur£sLce. 

To  represent  these  principles  graphically,  draw  A  D,  fig.  90,  to 
represent  the  whole  heating  sur&^  8;  and  let  any  pc»rtion  of  that 
line,  such  as  A  X,  represent  a,  a  part  of  that  surfitce.  Let  the 
ordinate  A  B  =:  g^,  the  rate  of  conduction  for  the  initial  tempeii^ 
ture  Ty     Li  D  A  produced,  take 


2M 
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.(C.) 


then  the  rectangle  O  A  * 
pended  per  hour. 


AB  will  represent  the  whole  heat  ex* 


Flg.  90. 
of  the  heating  sorfaoe; 


Let  the  ordinate  X  Y  =  q  represent 
the  rate  of  conduction  corresponding  to 
the  temperature  which  the  hot  gas  has 
after  having  passed  over  the  portion 
A  X  =  «  of  the  heating  sorfitoe,  and  let 
B  Y  E  be  a  curve  drawn  through  the 
summits  of  a  series  of  such  ordinates ; 
then  the  area  of  any  part  of  that  curve, 
such  as  ABYX,  represents  the  heat 
transferred  per  hour  through  the  part  s 
the  area  ABED  represents  the  heat 
transferred  per  hour  through  the  whole  heating  surface  S;  and 
when  the  curve  B  Y  E  is  produced  indefinitely,  the  area  contained 
between  it  and  its  asymptote  A  D  approximates  indefinitely  to  that 
of  the  rectangle  O  A  *  A  B. 

The  definite  results  of  these  princifJes  depend  on  the  relation 
between  q  and  T. 

Case  1. — ^If  we  assume  Peclet's  formula  (Article  210,  equation  7) 
for  the  thermal  resistance  of  the  plates,  we  find 

y  =  A(T-0[l  +  B(T-0]; (7.) 

and  this  value  being  introduced  into  equation  5,  gives  for  the 
int^p:al  of  that  equation 


S 


x'">^(|E-;-JS^-« 


and  for  the  efficiency  of  the  heating  Bur&ce, 


i)b(T,-o 


T,-t 


AH  /    k% 


.(9.) 


The  values  of  the  constants  A  and  B  under  different  circum- 
stances have  been  given  in  Article  219. 

AS 

The  value  of  ^  is  easily  found  by  the  help  of  a  table  of  hyper- 
bolic logarithms,  being  the  number  whose  hyperbolic  logarithm  ia 
AS  +  c'W. 


from  which  is  easily  deduced  the  following  value  of  the  efficiency 
of  the  heating  surface  : — 
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Case  2. — The  above  fonnula  being  too  complex  for  ready  use  in 
practice,  and  the  values  of  A  and  B  being  uncertain  in  furnaces  at 
high  temperatures,  the  supposition  expr^»ed  in  equations  8  and  9 
of  Article  219,  viz.,  that  the  rate  of  conduction  is  nearly  propor- 
tional to  the  square  of  the  difference  of  temperature,  has  been  tried^* 
and  found  to  agree  well  with  experiment,  as  will  afterwards  he 
shown.     That  supposition  gives  as  the  int^^ral  of  equation  5, 

7w='*'{T;^t-T^t}' <i<^) 

dly  deduced  the  following  ^ 
rface : — 

Tj-T,  _         S(T,-0 
Ti  — «  ''B(;£^  —  t)  +  ac'W ^^^'^ 

This  may  be  put  into  another  form,  as  follows : — Let  H  denote 
the  expenditure-  of  heat  in  an  hour,  in  raising  the  temperature  of 
the  hot  gas  above  that  of  the  water;  then 

Ta-<  =  ^^; (12.) 

and  making  this  substitution  in  equation  11,  we  find  for  the  effi- 
ciency of  the  surface, 

^^ac^iWa (^^^ 

This  result  is  represented  graphicaUy  by  taking,  in  ^g.  90, 

A0=      a     ' 

and  making  B  Y  E  a  hyperbola  of  the  second  order,  with  O  D  and 
O  C  for  its  asymptotes. 

The  values  to  be  assigned  to  the  constants  in  equation  13,  will 
be  investigated  in  Chapter  II. 

222.  CMllMg  Swrflice— SmfiMc  GmtdMiMUiMi. — ^The  formulsd  of 
the  preceding  Article,  case  1,  equations  8  and  9,  are  made  appli- 
cable  to  coolmg  surfaces  as  follows : — Let  t  denote  the  temperature 
of  a  filn^  of  liquid,  at  one  side  of  a  metal  plate;  S,  the  extent  of 
cooling  surface,  as  before ;  let  heat  be  communicated  to  the  liquid 
at  the  temperature  t  by  some  such  process  as  the  condensation  of 
steam,  and  let  that  be  abstracted  by  the  flow  of  a  current  of  air, 


2oe  9aUM  urn  OIHEB  HEAT  ukuhu. 

vrsLi^,  or  otlier  fluids  in  contaot  with  the  metal  plate ;  the  weight 
of  fluid  which  flows  past  per  second  being  W,  its  spedfio  heat  €f, 
its  jbitial  temp^ratgore  Tp  oeing  lower  Hudi  ty  and  its  final  tempera- 
ture Tg,  still  lower  thm  t,  but  hi^er  than  T^  Then  in  all  the 
equations  t  —  T«  ia  to  be  suhstifcated  lor  T^  —  (»  and  t  —  T^  for 

An  obstacle  to  the  use  of  the  fbnnuls  as  thus  modified  is,  that 
the  constants  A  and  B  have  not  yet  been  ascertained  for  the 
« surface  condensation'*  of  steam.  It  is  only  known  that  the 
convecUon  of  heat  by  a  vapour  in  the  act  of  condensing  is  more 
rapid  than  by  substonces  in  other  conditions;  and  that  in  certain 
particular  experiments  on  the  sur&ce  condensation  of  steam,  certain 
results  have  been  obtained,  of  which  the  following  are  examples  : — 


Steam  oon- 

Its  Initial  teia- 

Materiiaof 

deoaedper 

CooUng  flnid. 

peratureT- 

plates  or 

aqoare  foot 

Authority. 

Fahr. 

totMS. 

ptf  hoar. 
Lba.. 

Air, 

59^ 

Oast  iron. 

0-36 

Pedet 

W 

M 

Sheet  iron, 

036 

9% 

M 

99 

Glass, 

0*35 

99 

}» 

W 

Copper, 

0-28 

» 

99 

>l 

Tin  plate. 

0'2I 

>} 

Water, 

68*»to77^ 

Copper, 

21-5 

M 

i> 

1 

99 

IOOX> 

Joule. 

In  these  experiments,  each  pound  of  steam  may  be  estimated  on 
an  average  as  corresponding  in  round  numbers  to  about  1,000 
British  thermal  unita 

The  rapidity  of  the  condensation  depends  mainly  on  that  of  the 
circulation  of  the  cooling  fluid  at  the  other  side  of  the  plate. 
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223.  Total  Bcitt  of  C— ifcatioM  •£  giwcMf, — Every  chemical 
combination  is  accompanied  by  a  production  of  heat :  eveiy  decom- 
position, by  a  disappearance  of  heat,  equal  in  amount  to  that  which 
is  produced  by  the  combination  of  the  elements  which  are  separated. 
TVlien  a  complex  chemical  action  takes  place,  in  which  various 
combinations  and  decompositions  occur  simultaneously,  the  heat 
obtained  is  the  excess  of  the  heat  produced  by  the  combinations 
above  the  heat  which  disi^pears  in  consequence  of  the  decomposi- 
tions. Sometimes  also,  the  heat  produced  is  subject  to  a  further 
deduction,  on  account  of  heat  which  disappears  in  melting  or 
evaporating  some  of  the  substances  which  combine,  either  before  or 
during  the  act  of  combination* 

Combt^tion  or  burning  is  a  rapid  chemical  combination.  The 
only  kind  of  combustion  which  is  used  to  produce  heat  for  driving 
heat  engines,  is  the  combination  of  fiiel  of  different  kinds  with 
oxygen.  In  the  ordinary  sense  of  the  word  combustible,  it  means, 
capable  of  combining  rapicUy  toiih  oxygen  so  as  to  prodme  heat 
rapidly.  By  an  demenUmf  or  simple  substance  is  meant  one  which 
has  never  been  decomposed. 

The  chief  elementary  combustible  constituents  of  ordinary  fuel 
are  carbon  and  hydrogen.  Sulphur  is  another  combustible  consti- 
tuent of  ordinary  fuel;  but  its  quantity  and  its  heat-producing 
power  are  so  small,  that  its  presence  is  of  no  appreciable  value. 

Substances  combine  chemically  in  certain  proportions  only.  To 
each  of  the  substances  known  in  chemistiT  a  certain  number  can  be 
assigned  called  its  "chemical  equivalent ,*  having  these  properties — 
I.  That  the  proportions  by  weight  in  whidi  substances  combine 
chemically  can  all  be  expressed  by  their  chemical  equivalents,  or 
by  simple  multiples  of  their  chemical  equivalenta  IL  That  the 
chemical  equivalent  of  a  compound  is  the  sum  of  tiie  chemical 
equivalents  of  its  constituents. 

Chemical  equivalents  are  sometimes  caUed  atomic  weights,  or 
atoms,  in  accordance  with  the  hypothesis  that  they  are  proportional 
to  the  weights  of  the  supposed  atoms  of  bodies,  or  smallest  similar 
parts  into  which  bodies  are  assumed  to  be  divisible  by  known  forces. 
The  term  atom  is  convenient  from  its  shortness,  and  can  be  used  to 
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mean  ^'chemical  equivalenV'  without  necessarily  affirming  or 
denying  the  hypothesis  from  which  it  is  deriyed,  and  which,  how 
probable  soever  it  may  be,  is,  like  other  molecular  hypotheses, 
incapable  of  absolute  proo£ 

The  chemical  equivalents  of  substances  in  the  perfectly  gaseous 
state  are  known  to  be  either  exactly  or  very  nearly  proportional  to 
their  densities  at  the  same  pressure  and  temperature,  or  simple 
multiples  or  submultiples  of  those  densities.  In  other  woixb, 
perfect  gases  at  a  given  pressure  and  temperature  combine,  either 
exactly  or  very  nearly,  in  simple  numerical  proportions  by  volume. 
The  volume  of  the  compound  also,  if  perfectly  gaseous,  bears 
always,  either  exactly  or  very  nearly,  some  simple  numerical  ratio 
to  the  volumes  of  the  constituents,  at  the  same  pressure  and  tem- 
perature. 

These  principles  have  already  been  illustrated  in  the  case  of  the 
composition  of  steam,  in  Article  202. 

The  following  are  the  chemical  equivalents,  according  to  the 
British  scale,  of  the  principal  elementary  constituents  of  fuel,  and 
of  the  atmospheric  air  from  which  the  oxygen  required  for  com- 
bustion is  derived,  together  with  the  symbols  used  in  chemical 
writings  to  denote  them,  and  their  chemical  equivaUrUa  by  volume 
in  the  perfectly  gaseous  state  : — 

Chemical  Chemical 

Nameu  Symbol.  equivalent  l^  aqaivaleot  bj 

weight  Yolmne. 

Oxygen, O    8     i 

Nitrogen, N     14     i 

Hydrogen, H    i     i 

Carbon, C     6     ? 

Sulphur, S     16     f 

These  numbers  are  given  neglecting  fractions  too  small  to  be  of 
consequence  for  the  purposes  of  the  present  treatise. 

The  composition  of  a  compound  substance  is  indicated  in  chemi- 
cal writings,  by  affixing  to  the  symbol  of  each  element  the  num- 
ber of  its  equivalents  which  enter  into  one  equivalent  of  the 
conmound. 

The  following  table  sliows  the  composition  of  those  compounds 
of  the  above  elements  which  are  of  importance  to  the  purposes  of 
the  present  treatise,  either  as  furnishing  oxygen  for  combustion,  as 
entering  into  the  composition  of  ordinary  fuel,  or  as  being  produced 
by  the  combustion  of  ordinary  fuel : — 
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Symbol  of     Proportioiit     Chemical    Proportions   Chemical 

Name.  chemical       ofderoeDts     equiyaleat    ofelemeots   equivalent 

oompoeidoD.    hy  weight    by  freight    bjr  yoloine.  by  volome. 

Air, NoO  N28+O8  36  N2  +  0i  a^ 

Water,. ElO  Hi+08  9  Hi  +  0|  i 

Ammonia, NH3  H3  +  N14  17 

Carbonic  oxide,  CO        C6  +  08  14  C?  +  OJ  i 

Carbonic  add,...  CO-       C6  +  O16  22  CI  +  O1  i 

defiant  gas, C^U^  C12  +  H3  14  Cl  +  Ha  i 

^^Z}  ^^  ^*+^'    '   ^*+='  ' 

The  last  two  substances  are  the  chief  ingredients  of  coal  gas. 

[There  are  numerous  other  compounds  of  hydrogen  and  carbon, 
known  generally  as  "hydro-carbons,"  and  comprising,  amongst 
other  substances,  various  fusible  and  volatile  ingredients  of  c(^ ; 
but  it  is  unnecessary  to  give  their  chemical  composition  in  detail] 

Sulphurous  acid, SOj        S16  +  O16        32 

Sulphuretted  hydrogen,..     SH         S16  +  H1  17         i 

Bisulphuret  of  carbon,...    SjC         S32  +  C6  38         i 

The  French  scale  of  equivalents  differs  from  the  British,  princi- 
pally in  making  the  equivalents  of  oxygen  and  sulphur  by  weight 
double,  as  compared  with  the  equivalents  of  most  other  elements, 
and  in  taking  100  to  represent  the  equivalent  of  oxygen.  Thus 
the  symbol  for  water,  according  to  the  French  system,  is  H3O; 
and  its  equivalent  (6-25  x  2)  +  100  =  112-5. 

The  following  table  shows  the  total  heat  of  combustion  with 
oxygen  of  one  pound  of  each  of  the  elementary  substances  named  in 
it,  in  British  thermal  units,  and  also  in  lbs.  of  water  evaporated 
fix)m  212^.  It  also  shows  the  weight  of  oxygen  reqtdred  to  com- 
bine with  each  pound  of  the  combustible  element,  and  the  weight  of 
air  necessary  in  order  to  supply  that  oxygen.  The  quantities  of 
heat  are  given  on  the  authority  of  experiments  made  by  MM.  Favre 
and  Silbermann  (See  AnncUea  deChtmie,  1852-53,  vols.  34,  36,  37). 

Lb.  oxygen  ^  -•  j^.     Evaporative 

Combortibl^  perlb^of     Lb.  air.     bJ^X     ^^^Z^o 

combostible.  onwui  umui.     ^^  g^go. 

Hydrogen  gas, 8  36  62,032  64*2 

Carbon,  imperfectly  burned  \ 

so  as  to  make  carbonic  >  i|  6  4>400  4*55 

oxide, I 

Carbon,  completely  burned,  | 

so  as  to  make  carbonic  >  2}        12  I4j5oo  15*0 

acid| •tt..«««*t««««»....  J  Digitized  by  VjOOQ IC 
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It  is  to  be  observed,  that  I3ie  imperfect  combustion  of  carbon, 
making  carbonic  oxide,  produces  less  than  one-third  of  the  heat 
which  is  yielded  by  the  complete  combustion. 

224:.  T«tel  Seat  •£  €7«mb«atlMt  •f  C^mpmmadm. — ^The  following 

is  a  similar  table,  on  the  same  authority,  for  the  more  important 
compownd  ingredienia  of  fuel : — 

Total  h^      Evaporative 
Comb^tible.  Lb.oxyg«.   Lb.  air.     j^^^^^     ^w^^^^ 

Olefiant  gas,  lib., sf        15?  3i,344  22-1 


Various  Qquid  hydrocar- 
bons, 1  lb., , 

Carbonic  oxide,  as  much  ' 
as  is  made  by  the  im- 

rrfect  combustion  of 
lb.  of  carbon,  viz., 
2\  lbs., 


ifroxxL  21,700    fiom  22i 
(    to     19,000      to    20 


10,100  io*45 


With  r^ard  to  the  quantities  stated  in  this  and  the  preceding 
Article  as  being  the  total  heat  of  combustion  respectively  of  carbon 
completely  burned,  carbon  imperfectly  burned,  and  carbonic  oxide, 
the  following  explanation  has  to  be  made : — 

The  burning  of  carbon  is  always  complete  at  first;  that  is  to  say, 
one  pound  of  carbon  combines  with  2|  lbs.  of  oxygen,  and  makes 
3|  lbs.  of  carbonic  acid;  and  although  the  carbon  is  solid  imme- 
diately before  the  combustion,  it  passes  during  the  combustion  into 
the  gaseous  state,  and  the  carbonic  acid  is  gaseous.  This  terminates 
the  process  when  the  layer  of  carbon  is  not  so  thick,  and  the  supply 
of  air  not  so  small,  but  that  oxygen  in  sufficient  quantity  can  get 
direct  access  to  all  the  solid  carbon.  The  quantity  of  heat  produced 
is  14,500  thermal  units  per  lb.  of  carbon,  as  already  stated 

But  in  other  cases  part  of  the  solid  carbon  is  not  supplied  directly 
with  oxygen,  but  is  first  heated,  and  then  dissolved  into  the  gaseous 
state,  by  the  hot  carbonic  acid  gas  from  the  other  parts  of  the 
furnace.  The  3§  lbs.  of  carbonic  acid  gas  from  1  lb.  of  carbon,  are 
capable  of  dissolving  an  additional  lb.  of  carbon,  making  4|  lbs.  of 
ca/rhomc  oxide  gas;  and  the  volume  of  this  gas  is  double  of  that  of 
the  carbonic  acid  gas  which  produces  it.     In  this  case,  the  heat 

Produced,  instead  of  being  that  due  to  the  complete  combustion  of 
lb.  of  carbon,  or 14,500 

falls  to  the  amount  due  to  the  imperfect  combustion  of  2 

lbs.  of  carbon,  or 2  x  4>400  =  8,800 

Showing  a  loss  of  heat  to  the  amount  of. ,.       5,700 

which  disappears  in  volatilizing  the  second  pound  of  carbon.   Should 
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the  process  stop  hero,  as  it  does  in  furnaces  ill  sanplied  with  air, 
the  waste  of  fuel  is  verj  great  But  when  the  4§  lbs.  of  carbonic 
oxide  gas,  containing  2  lb&  of  carbon,  is  mixed  with  a  sufficient 
supply  ai  fresh  air,  it  bums  wii^  a  blue  flame,  combining  with  an 
additi<mal  2|  lbs.  of  oxygen,  making  7^  lbs.  of  carbcmic  add  gas, 
and  givii^  additional  heat  of  double  the  amount  doe  to  the  com- 
bustion of  1^  lb.  of  carbonic  oxide ;  that  is  to  say, 

IO,IOO  X  a  =  20,200 

to  which  being  added  the  heat  produced  by  the  imperfect 

combustion  of  2  lbs.  of  carbon,  or 8,8oo 

there  is  obtained  the  heat  due  to  the  complete  combustion 

of  2  lbs.  of  carbon,  or 2  x  14,500  =  29,000 

If  the  total  heat  of  combustion  of  defiant  gas  be  compared  with 

that  of  its  constituents  taken  separately,  the  result  is  as  follows : — 

^Ib.  carbon;  14,500  x  ^ =  I3,430 

=  lb.  hydrogen;  62,032  x  = =  8,862 


Total  heat  of  combustion  of  1  lb.  of  olefiant  gas  as 
computed  by  adding  together  the  quantities  of 
heat  produced  by  the  combustion  of  its  consti- 
tuents separately,  

As  found  by  direct  experiment, '   21,344 


'  21,292 


Difference, 52 

Similar  comparisons,  for  other  hydrocarbons,  give  the  same  re- 
sult nearly,  though  not  exactly.  From  these  fkcts  it  is  coucluded, 
that  the  total  heat  of  comhustion  of  any  compound  of  hydrogen  and 
carbon  is  nearly  the  sum  of  the  quantities  of  heat  which  the  hydrogen 
and  carbon  contairied  in  it  would  produce  separately  by  their  com- 
bustion,     (Marsh-gas  is  an  exception.) 

In  computing  by  this  rule  the  total  heat  of  combustion  of  a  com- 
pound, it  is  convenient  to  substitute  for  the  hydrogen  a  quantity  of 
carbon  which  would  give  the  same  quantity  of  heat;  and  this  is 
done  by  multiplying  Sie  weight  of  hydrogen  by 

14,500 

It  appears  firom  experiments  by  Dulong,  by  Despretz,  and  by 
others,  that  in  computing  the  total  heat  of  combustion  of  com- 
pounds containiog  oxygen  as  well  as  hydrogen  and  carbon,  the 
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fioUowing  principle  is  to  be  observed : — When  hydrogm  and  ooeygen 
€xitt  in  a  compound  in  the  proper  proportion  to  firm  vxxter  (that  is, 
by  weighty  very  nearly,  one  part  of  hydrogen  to  eight  of  oxygen), 
them  consUtuents  have  no  ^ect  on  the  total  heoU  of  eombuaUon, 

It  follows,  that  if  hydn^en  exists  in  a  greater  proportion  than  is 
necessary  in  order  to  form  water  with  the  oxygen,  only  the  aurpltu 
of  hydrogen  above  that  which  is  required  hy  the  oxygen  is  to  be 
taken  into  account. 

From  the  preceding  principles  is  deduced  the  following  general 
formula  for  the  total  heat  of  combustion  of  any  compound  of  which 
the  principal  constituents  are  carbon,  hydrogen,  and  oxygen: — 

I^t  C,  M,  and  O,  be  the  fi:actions  of  one  pound  of  the  compound 
which  consist  respectively  of  carbon,  hydrogen,  and  oxygen;  the 
remainder  being  nitrogen,  ash,  and  other  impurities. 

Let  h  be  the  total  heat  of  combustion  of  one  pound  of  the  com- 
pound, in  British  thermal  units.     Then 

h  =  14,500  { C  +  4-28  (h  -^)  } (1.) 

Let  E  denote  the  theoretical  evaporative  power  of  one  pound  of  the 
compound,  in  pounds  of  water  evaporated  from  and  at  212°    Then 

^=9r6=^*{^^^-2<H-?)} (2.) 

It  has  already  been  stated,  that  the  values  adopted  in  this  treatise 
for  the  total  heat  of  combustion  of  carbon  and  of  hydrogen  are  taken 
from  the  experiments  of  MM.  Favre  and  Silbermann. 

In  the  case  of  hydrogen,  the  results  of  these  experimeots  agree 
very  closely  with  those  of  the  experiments  of  Dulong  {Comptes 
Rendus,  voL  viL),  the  total  heat  of  combustion  of  one  pound  of 
hydrogen  being, 

According  to  Favre  and  Silbermann, 63,032  British  units. 

According  to  the  mean  of  Dulong's  ex-  )  ^       ^ 

periments, /  ^^'^^^      "  '' 

In  the  case  of  carbon,  the  agreement  amongst  different  experi- 
menters is  less  close.  The  following  is  a  comparison  of  some  of 
the  results  given  by  them : — 

Dulong  (mean), 12,906 

Despret^ 14,040 

Favre  and  Silbermann, 14,500 

The  result  arrived  at  by  MM.  Favre  and  Silbermann  is  adopted 
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in  tlds  treatue,  because  of  the  great  delicacy  and  precision  of  the 
instruments  and  procetMses  by  which  it  was  obtained,  and  because 
amongst  a  number  of  different  results  as  to  total  heat  of  com- 
bustion, the  highest  is  on  the  whole  the  most  likely  to  be  correct, 
most  of  tiie  errors  being  caused  by  losses  of  heat 

225.  Ktedto  sad  iM«redi«its  •f  WmtiL — ^The  ingredients  of  every 
kind  of  fuel  commonly  used  may  be  thus  classed : — 

(L)  Fixed  or  free  carhany  which  is  left  in  the  form  of  charcoal  or 
coke  after  the  volatile  ingredients  of  the  fuel  have  been  distilled 
away.  This  ingredient  bums  either  wholly  in  the  solid  state,  or 
part  in  the  solid  state  and  part  in  the  gaseous  state,  the  latter  part 
being  first  dissolved  by  previously  formed  carbonic  add,  as  already 
ez^ained. 

(II.)  Hydrooa/rbonSy  such  as  defiant  gas,  pitch,  tar,  naphtha,  <ka, 
all  of  whidi  must  pass  into  the  gaseous  state  before  bein^  burned. 

If  mixed  on  their  first  issuing  £rom  amongst  the  burmng  carbon 
with  a  large  quantity  of  air,  these  inflammable  gases  are  completely 
burned  with  a  transparent  blue  flame,  producing  carbonic  acid  and 
steam.  When  raised  to  a  red  heat,  or  thereabouts,  before  being 
mixed  with  a  sufficient  quantity  of  air  for  perfect  combustion,  they 
disenga^  carbon  in  fine  powder,  and  pass  to  the  condition  partly 
of  mardi  gas,  and  partly  of  free  hydrogen;  and  the  higher  the 
temperaturo,  the  greater  is  the  proportion  of  carbon  thus  disen- 
gaged. 

If  the  disengaged  carbon  is  cooled  below  the  temperature  of 
ignition  before  coming  in  contact  with  oxygen,  it  constitutes,  while 
floating  in  the  gas,  smoke,  and  when  deposited  on  solid  bodies,  sooT. 

But  if  the  disengaged  carbon  is  maintained  at  the  temperature 
of  ignition,  and  suppHed  with  oxygen  sufficient  for  its  combustion, 
it  bums  while  floating  in  the  inflammable  gas,  and  forms  red, 
YELLOW,  or  WHITE  FLAME.  The  flame  from  fuel  is  the  larger,  the 
more  slowly  its  combustion  is  effected. 

(III.)  Oxygen  and  hydrogen  either  actually  forming  water,  or 
fixisting  in  combination  with  the  other  constituents  in  the  propor- 
tions wiiich  form  water.  According  to  a  principle  already  stated, 
such  quantities  of  oxygen  and  hydrogen  are  to  be  left  out  of  account 
in  determining  the  heat  generated  by  the  combustion.  If  the 
quantity  of  water  actually  or  virtually  present  in  each  pound  of 
^el  is  so  great  as  to  make  its  latent  heat  of  evaporation  worth 
considering,  that  heat  is  to  be  deducted  from  the  total  heat  of  com- 
bustion of  the  fueL 

The  presence  of  water,  or  its  constituents,  in  fuel,  promotes  the 
formation  of  smoke,  or  of  the  carbonaceous  flame,  which  is  ignited 
smoke,  as  the  case  may  be,  probably  by  mechanically  sweeping 
along  fine  particles  of  carbon.  Digitized  by  Googtc 

T 
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(lY.)  Fitrogwiy  either  free  or  in  combinatioii  with  other  consti* 
tuents.     This  substance  is  simply  inert. 

(Y.)  Svlphwret  of  iron,  whicn  exists  in  coal,  and  is  detrimental, 
afl  tending  to  canse  spontaneous  combustion. 

(YL)  Other  mineral  eompoundg  of  various  kinds,  '^lich  ore  also 
inert,  and  fonn  the  ash  left  after  complete  combustion  of  the  fuel, 
and  also  the  dinker,  or  glassy  material  produced  by  fusion  of  the 
ash,  which  tends  to  choke  the  grate. 

226.  Kiiidto  •r  FMt — ^The  ^ds  of  fiiel  in  common  use  may  be 
thus  classed:—!  Charcoal;  IL  Coke;  ITL  Coal;  IV.  Peat;  V, 
Wood 

L  Charcoal  is  made  by  eTaporatiDg  the  yolatile  constituents  of 
wood  and  peat,  either  by  a  partial  combustion  of  a  conical  heap  of 
the  material  to  be  charred,  covered  with  a  layer  of  earth,  or  by  the 
combustion  of  a  separate  portion  of  fuel  in  a  furnace,  in  which  are 
placed  retorts  containing  the  material  to  be  diarred. 

According  to  Pedet,  100  parts  by  weight  of  wood  when  charred 
in  a  heap,  yield  from  17  to  22  parts  by  weight  of  charcoal,  and 
when  chaired  in  a  retort,  from  28  to  30  ports. 

This  has  reference  to  the  ordinary  condition  of  the  wood  nsed  in 
diarooel  making,  in  which  25  parts  in  100  consist  of  moisture.  Of 
the  remaining  75  parts,  the  carbon  amounts  to  one-half^  or  87^  per 
cent  of  the  gross  weight  of  the  wood.  Hence  it  appears  tiiat  on 
an  average  nearly  half  of  the  carbon  in  the  wood  is  lost  during  the 
partial  combustion  in  a  heap,  and  about  one  quarter  during  the 
distillation  in  a  retort 

To  diar  100  parts  by  weight  of  wood  in  a  retort,  12^  parts  of 
wood  must  be  burned  in  the  furnace.  Hence  in  this  process,  the 
whole  expenditure  of  wood  to  produce  from  28  to  30  parts  of  char- 
coal, is  112^  parts;  so  that  if  the  weight  of  charcoal  obtained  is 
compared  with  the  whole  weight  of  wood  expended,  its  amount  is 
from  25  to  27  per  cent ;  and  the  proportion  of  carb<m  lost  is  on  an 
average  11}  -^  37^  =r  0-3  nearly. 

Acoording  to  Peclet,  good  wood  charcoal  contains  about  0*07  of 
its  wmght  of  ash.  The  proportion  of  ash  in  peat  charcoal  is  very 
variable,  and  is  estimated  on  an  average  at  about  0-18. 

IL  Coke  is  the  solid  material  left  after  evaporating  the  vdatile 
ingredients  of  coal,  either  by  means  of  partial  combustion  in 
furnaces  caUed  coke  ovens,  or  by  distillation  in  the  retorts  of  gas- 
works. 

Coke  made  in  ovens  is  preferred  to  gas  coke  as  fuel  It  is  of  a 
dark  grey  colour,  with  slightly  metallic  lustre,  porous,  brittle,  and 
haxd. 

The  proportion  of  coke  yielded  by  a  given  weight  of  coal  is  very 
different  for  different  kinds  of  coal,  ranging  from  0*9  to  0*35. 
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Coke  contains  from  0*06  to  018  (^  its  weight  of  ash^  the  re- 
mainder being  carbon. 

Being  of  a  porous  texture,  it  readily  attracts  and  retains  water 
from  the  atmosphere;  and  sometimes,  if  it  is  kept  without  proper 
shelter,  from  0*15  to  0*20  of  its  gross  weight  consists  of  moisture. 

III.  Coal, — The  extreme  differences  in  the  chemical  composition 
and  properties  of  different  kinds  of  coal  are  very  great;  but  the 
number  of  those  kinds  is  very  great,  and  the  gradations  of  their 
differences  are  small 

The  proportion  of  free  carbon  in  coal  ranges  from  SO  to  93  per 
cent;  that  of  hydrocarbons  of  various  kinds  from  6  io  6%  per 
cent ;  that  of  water,  or  oxygen  and  hydrogen  in  the  proportions 
which  form  water,  fh>m  an  inappreciably  small  quantity  to  27  per 
cent;  that  of  ash,  from  1^  to  2Q  per  cent 

The  numerous  varieties  of  coal  may  be  divided  into  principal 
classes  as  follows : — 

1.  Anthracite  or  blind  coaL 

2.  Diy  bituminous  coaL 

3.  Caking  coal 

4.  Long  flaming  or  caonel  coaL 

5.  Lignite  or  brown  coal 

(1.)  AniUwxu^  or  Uind  coal  consists  almost  entirely  of  free 
carbon.  It  has  a  colour  intermediate  between  jet  black  and  the 
greyish-black  of  pliunbago,  and  a  lustre  approaching  to  metallic. 

Its  speciflo  gravity  is  from  1*4  to  1*6,  ijiat  of  water  being  1. 

It  bums  without  smoke,  and,  when  dry,  without  flame  also;  but 
the  presence  of  moisture  in  it  produces  small  yellowiah  flames,  iu 
the  manner  explained  in  Article  225. 

It  requires  a  high  temperature,  and  in  general  a  blast  produced  by 
mechanism,  for  ii»  combustion.  If  suddenly  heated,  it  splits  into 
small  pieces,  which  are  liable  to  fall  through  the  grate  bars  of  the 
furnace  and  be  lost  In  frimaces  where  it  is  used,  therefore,  each 
fresh  portion  should  be  gradually  heated  before  being  ignited. 

(2.)  Dry  bituminous  coal  contains  on  an  average  from  70  to  80 
per  cent  of  iree  carbon,  about  5  per  cent  of  hydrogen,  and  4  per 
cent  of  oxygen;  so  that  4^  per  cent  of  hydrogen  is  available  to 
produce  heat  This  hydi-ogen  exists  in  combination  with  part  of 
the  carbon«  Such  coal  bums  with  a  moderate  amount  of  flame, 
and  little  or  no  smoke.  Its  average  specific  gravity  is  about 
1*3. 

(3.)  BituminouB  caking  coal  contains  on  an  average  from  50  to  60 
per  cent  of  free  carbon,  and  about  equal  weights  of  hydrogen  and 
oxygen,  amounting  to  from  10  to  12  per  cent  of  its  wei^t  It 
softens  when  exposed  to  heat,  and  pieces  of  it  adhere  together.  It 
produces  more  flame  than  dry  bituminous  coal,  and  also  produces 


276  STEAK  Ain>  OTHER  HEAT  ENGINES. 

smoke,  tinlcsB  that  is  prevented  by  special  means.  Its  average 
specific  gravity  is  about  1*25. 

(4.)  Long  flaming  coal  differs  from  the  last  variety  chiefly  in  con- 
taining more  oxygen.  In  some  examples  it  softens  and  cakes  in 
the  fire;  in  others  not.  It  requires  special  means  for  the  preven- 
tion of  smoka 

(5.)  Brovm  coal,  or  lignite,  is  found  in  more  recent  strata  than 
any  of  the  preceding  kinds.  It  is  intermediate  in  appearance  and 
properties  between  fiiem  and  peat.  It  contains  on  an  average  from 
27  to  50  per  cent,  of  free  carbon,  a^x)ut  5  per  cent,  of  hydrogen, 
and  20  per  cent,  of  oxygen.   Its  specific  gravity  is  froja  1  -20  to  1  25, 

With  i-espect  to  the  different  kinds  of  coal,  M.  Peclet  makes 
a  remark  to  the  effect,  that  the  caking  bituminous  coals  pass 
to  the  dry  coals  and  to  anthracite  by  diminution  of  their  oxygen 
and  hydrogen,  and  to  the  long  flaming  coals  and  lignites  by  the 
augmentation  of  their  oxygen. 

From  the  specific  gravities  already  stated,  it  appears  that  a  cubic 
foot  of  solid  coal  weighs  from  70  to  90  lbs. ;  but  coal  in  pieces, 
such  as  are  commonly  used  for  feeding  furnaces,  including  the 
spaces  between  the  pieces,  occupies  from  1 A  to  lA  times  the  space 
that  the  same  coal  fills  in  a  continuous  mass;  so  that  the  average 
weight  of  coals,  including  the  space  between  the  pieces,  is  about  52 
lbs.  per  cubic  foot.  In  a  few  examples  it  is  as  high  as  56  or  60  lbs. 
to  the  cubic  foot. 

IV.  Feat,  or  turf,  as  usually  dried  in  the  air,  contains  from  25  to 
SO  per  cent,  of  water,  which  must  be  allowed  for  in  estimating  its 
heat  of  combustion.  This  water  having  been  evaporated,  the 
analysis  of  M.  Eegnault  gives,  in  100  parts  of  perfectly  dry  peat  of 
the  best  quality — 

Carbon, 58 

Hydrogen, 6 

O^nrgen, 31 

Adi, 5 

100 

In  some  other  examples  of  peat,  the  quantity  of  ash  is  greater, 
amounting  to  7  and  sometimes  to  11  per  cent 

The  specific  gravity  of  peat  in  its  ordinaiy  state  is  about  0*4  or 
0*5.    It  can  be  compressed  by  machinery  to  a  much  greater  density. 

V.  Wood,  when  newly  felled,  contains  a  proportion  of  moisture 
which  varies  very  much  in  different  kinds  and  in  different  speci- 
mens, ranging  between  30  and  50  per  cent,  and  being  on  an 
average  about  40  per  cent  After  eight  or  twelve  months'  ordinary 
drying  in  the  air,  the  proportion  of  moisture  is  from  20  to  25  per 
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cent  This  degree  of  dryness,  or  almost  perfect  dryness  if  required, 
can  be  produced  by  a  few  days'  drying  in  an  oven  supplied  with  air 
at  about  240"  Fahrenheit.  When  coal  or  coke  is  used  as  the  fuel 
for  that  oven,  1  lb.  of  fuel  suffices  to  expel  about  3  lb&  of  moisture 
from  the  wood.  This  is  the  result  of  experiments  on  a  large  scale 
by  Mr.  J.  R  Napier.  K  air-dried  wood  were  used  as  fuel  for  the 
oven,  from  2  to  2^  lbs.  of  wood  would  probably  be  required  to 
Jproduce  the  same  effect 

The  specific  gravity  of  different  kinds  of  wood  ranges  from  0*3 
to  1-2. 

Perfedly  dry  wood  contains  about  50  per  cent  of  carbon,  tho 
remainder  consisting  almost  entirely  of  oxygen  and  hydrogen  in  tho 
proportions  which  form  water.  The  coniferous  &mily  contain  a 
small  quantity  of  turpentine,  which  is  a  hydrocarbon.  The  pro- 
portion of  ash  in  wood  is  from  1  to  5  per  cent  The  total  heat  of 
combustion  of  all  kinds  of  wood,  when  dry,  is  almost  exactly  the 
same,  and  is  that  due  to  the  oO  per  cent  of  carbon. 

227.  The  T«cal  H«a  •€  €Mib«Ml*a  of  fuel  is  computed  from  its 
chemical  composition,  according  to  the  principles  explained  in 
Articles  223,  224,  and  225.  The  following  table  gives  the  results 
of  such  computations,  founded  chiefly  on  the  analyses  of  M.  Beg- 
nault,  Dr.  Playfair,  and  Professor  Bichardson.  The  numerous 
kinds  of  fuel  of  which  analyses  have  appeared  have  been  classed  in 
groups,  and  the  average  chemical  composition  of  each  group  com- 
puted. By  this  process  have  been  obtained  the  proportions  of 
carbon,  hydrogen,  and  oxygen,  given  in  the  columns  headed  C,  H, 
and  O,  respectively. 

The  column  headed  C  shows  the  weight  of  pure  carbon  whose 
total  heat  of  combustion  would  be  the  same  with  that  of  the  fuel, 
as  given  by  the  formula 


C  =  C  +  4 


.s(H-0). 


E  =  15  C  is  the  theoretical  evaporative  power  in  pounds  of  water 
supplied  and  evaporated  at  212*^  by  one  pound  of  fueL 

h  =  14500  C  is  the  total  heat  of  combustion  in  pounds  of  water 
raised  one  degree  of  Fahrenheit  Each  kind  of  fuel  is  supposed  to 
be  'perfecdy  dry^  unless  otherwise  specified. 

With  respect  to  the  examples  of  coal  given  in  the  following  table, 
it  is  to  be  observed  that  they  are  all  of  good  quality,  as  it  has  never 
been  the  practice  to  submit  bad  coals  to  chemists  for  analysis  It 
may  be  estimated  that  the  total  heat  of  combustion  of  the  worst  coal 
in  a  given  coal  field  is  about  tivo-tJiirds  of  that  of  the  best,  the  differ- 
ence arising  chiefly  from  the  proportion  of  earthy  matter.      i 
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Table  of  thb  Total  Heat  of  CJombustios  of  Fuel. 


Fuxu 

C. 

H. 

0. 

e. 

K 

k 

L  Chabcoal—  ) 
from  wood,  J 

0-93 

0-93 

14 

13500 

„    from  peat, 

o-8o 

12 

1 1600 

IL  CoKB— good,... 

0-94 

0-94 

t4 

13620 

.,  middling. 

0-88 

0-88 

13a 

12760 

„  bad, 

0-82 

0^82 

12-3 

1 1890 

IIL  Coal— 

* 

1.  Antliraoite,... 

0-915 

0-035 

0-026 

1-05 

1575 

15225 

2.  Dry   bitu- ) 
minouB,....  J 

0'90 

0-04 

0-02 

I -06 

15-9 

15370 

•'•     »        » 

0-87 

0-04 

0-03 

1-025 

15-4 

14860 

^     »        » 

o-8o 

0-054 

o-oi6 

I -02 

15-3 

14790 

^-     >»        » 

077 

0-05 

o-o6 

0-95 

I4a5 

13775 

6.  Caking, 

0-88 

0-052 

0-054 

I-075 

i6-o 

15837 

7.        „     

o*8i 

0-053 
0-056 

0053 

0*04 
008 

I*OI 

15-6 
13-65 

14^45 
15080 

I3I95 

1.        „     •••••••«• 

8.  Cannel 

0-84 
077 

1-04 
0-91 

^i/«      ^^vmmJLMm^^^m  •  •  •  ••  •  •  •• 

9.  Dry    long ) 
flaming,....  J 

0-15 

10.  Lignite, 

070 

0-05 

0-20 

0-81 

HIS 

"745 

rV.  Peat— dry,... 

0-58 

o-o6 

0-31 

0-66 

lo-o 

9660 

„  contain- 1 

ing25pera  > 

7-35 

7000 

moisture, ...  j 

Y.  Wooi>— dry,... 

0-50 

0-50 

7-5 

7245 

„  contain-] 

ing20pera  > 

5-8 

5600 

moisture, ...  ) 

VL  MmKRALOnr-H 

from 

0-84 
0-85 

o'i6 

0 

I-JJ2 

22-7 

22-5 

21930 
21735 

to 

015 

0 

1-49 

(See  Journal  of  the  United  Service  InstUtUion,  vol.  xL,  1867.) 


228.  Badihirt—  Amm  Fact  —  The  proportion  which  the  heat 
radiated  from  incandescent  fuel  bears  to  the  total  heat  of  combus- 
tion has  been  determined  for  some  kinds  of  fuel  by  the  eacperimenta 
of  M.  Peclet,  with  the  following  results: — 

From  wood, 0*29 

rix>m  charcoal  and  peat, -grtgb'^yGoogle 
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From  coal  and  coke  M.  Peclet  considers  that  the  radiation  must 
be  greater  than  from  charcoal^  although  he  has  not  ascertained  it 
precisely. 

The  practical  eondudon  to  be  drawn  from  this  &ct  is,  that  the 
radiation  from  the  fuel  in  the  furnace  of  a  heat  engine  ought  to  be 
carefully  intercepted  in  eveiy  direction,  in  such  a  manner  that  the 
heat  difi^ised  hy  it  may  be  communicated  either  directly  or  indi- 
rectly to  the  substance  to  be  heated.  The  means  used  for  effecting 
this  are  various.  One  of  the  simplest  is  to  have  the  furnace  wholly 
contained  in  a  flue  or  fire  box  inside  the  boiler.  Another  is,  to 
surround  all  those  parts  of  the  furnace  whose  radiation  is  not 
diretotly  intercepted  by  the  boiler,  with  brickwork  so  thick  as  not 
to  admit  of  any  matenal  loss  of  heat  by  conduction.  The  resistance 
to  conduction  is  greatly  increased  by  having  two,  or  three,  successiye 
layers  of  brickwork  with  air  spaces  between,  such  spaces  being 
completely  closed,  in  order  that  the  air  in  them  may  not  circulate. 
Two  such  layers  of  fire-brick,  the  inner  9  inches  thick,  the  outer  4^, 
with  an  air  space  3  inches  thick  between  them,  have  been  fotmd 
to  answer  in  practice.  The  great  resistance  of  this  coating  to  the 
transmission  of  heat  causes  the  inner  sur&ce  of  the  inner  layer, 
which  directly  receives  the  radiation  of  the  fire,  to  rise  to  a  white 
heat,  or  nearly  so,  and  almost  the  whole  of  the  heat  which  it 
receives  is,  because  of  that  high  temperature  and  the  rapid  circula- 
tion of  the  furnace  gases  over  it,  carried  off  by  those  gases,  and 
made  available  for  communication  to  the  boiler. 

The  heat  which  is  radiated  down  between  the  grate  bars  is 
intercepted  by  the  sides  and  floor  of  the  ash  pit,  and  carried  back 
to  the  furnace  by  the  air  which  enters  through  the  ash  pit. 

To  prevent  loss  by  radiation  and  conduction  through  the  furnace 
door,  the  simplest  plan  is  that  used  by  Mr.  Williams  and  others,  of 
making  it  of  two  layers  of  cast  iron  plates,  with  an  air  sgaxie 
between.  The  plates  are  usually  perforated  with  small  holes  for 
the  admission  of  air  to  bum  the  gaseous  ingredients  of  fuel,  and 
care  is  to  be  taken  to  place  no  two  of  those  holes  opposite  each 
other.  Thus  the  heat  which  is  radiated  through  the  holes  in  the 
inner  plate  is  intercepted  by  the  outer  plate.  The  greater  part  of 
the  heat  thus  received  by  the  plates  h  carried  back  .into  the  furnace 
by  the  entering  stream  of  air.  To  intercept  the  heat  and  give  it 
out  to  the  entering  air  more  completely,  a  series  of  sheets  of  wire 
gauze  have  sometimes  been  interposed  between  the  outer  and  inner 
surfaces  of  a  perforated  furnace  door. 

The  most  complete  apparatus  for  intercepting  the  heat  radiated 
to  the  fiimace  door  is  that  of  Mr.  Prideaux,  which  consists  of  three 
gratings,  each  made  of  a  series  of  thin  iron  plates  set  edgeways,  with 
narrow  passages  between  them  for  the  entering  stream  of  air.    The 


S80 


STEAM  A2a>  OTHER  HEAT  BSQISEB, 


radiant  heat  is  completely  intercepted  by  placing  two  of  those  setd 
of  plates  with  opposite  obliquities,  and  t^e  third  parallel  to  the 
sides  of  the  furnace  mouth-piece. 

229.  Air  i«««ircd  «nr  CMikMiiMi  wki  i^itatiML — ^The  number  of 
pounds  of  air  required  in  order  to  supply  the  oxygen  necessary  for 
the  combustion  of  one  pound  of  any  sort  of  fuel  whose  chemical 
composition  is  known,  may  be  computed  by  the  aid  of  the  data 
given  in  Article  223,  at  the  foot  of  page  269. 

To  express  that  weight  symbolically,  let  it  be  denoted  by  A ; 
then,  0,  H,  and  O,  having  the  same  meanings  as  before, 


A  =  12  C  +  36  (h  -^) (1.) 


The  following  are  a  few  of  the  results : — 


Fuel. 

L  Charcoal — ^from  wood, ... 
„  firom  peat...... 

IL  Coke — good, 

Ill  Coal — anthracite, , 

„        dry  bituminous, 
„        caking, 

9f  >9  

„       cannel, 

„       dry  long  flaming, 
„        lignite, 

IV.  Peat— dry, 

V.  "Wood— dry, 

VL  Mineral  Oil, 


c. 

H. 

0. 

A. 

0-93 

ii-i6 

o*8o 

9-6 

0-94 

11-28 

0-915 

0035 

0*026 

12-13 

0-87 

0-05 

0-04 

I2'06 

0-85 

d-o5 

o'o6 

"73 

075 

005 

0-05 

10-58 

o-?4 

006 

o-o8 

11-88 

077 

0-05 

015 

10-32 

070 

0-05 

0-20 

9.30 

0-58 

o*o6 

031 

7-68 

0-50 

600 

085 

015 

0 

1565 

It  is  unnecessaiy  for  practical  purposes  to  compute  the  air 
required  for  the  combustion  of  fuel  to  a  great  degree  of  exactness; 
and  no  material  error  is  produced  if  the  air  required  for  the  com- 
bustion of  eveiy  kind  of  coal  and  coke  used  for  furnaces  is  estimated 
at  ttodve  pounds  per  potmd  of  fud. 

Besides  the  air  required  to  furnish  the  oxygen  necessary  for  the 
complete  combustion  of  the  fuel,  it  is  also  necessary  to  fiurnish  an 
additional  quantity  of  air  for  the  diliUion  of  the  gaseous  products 
of  combustion,  which  would  otherwise  prevent  the  free  access  of  air 
to  the  fuel. 

The  more  minute  the  division,  and  the  greater  the  velocity  with 
which  the  air  rushes  amongst  the  ^el,  the  smaller  is  the  additional 
quantity  of  air  required  for  dilution. 

From   various    experiments,    especially   those    made    for    the 
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American  government  hj  Mr.  Johnson,  it  appears  that  in  ordinary 
boiler  furnaces,  where  the  draught  is  produced  by  means  of  a 
chimney,  the  weight  of  air  required  for  dilution  is  equal  to  that 
required  for  combustion;  so  that  if  A'  denotes  the  total  weight  of 
air  to  be  supplied  to  the  furnace  per  lb.  of  fuel^ 

A' «  2  A  =  24  lbs.  nearly (2.) 

But  in  furnaces  where  the  draught  is  produced  by  means  of  a 
blast  pipe,  like  those  of  locomotive  engines,  or  by  means  of  a  Bm, 
the  quantity  of  air  required  for  dilution,  although  it  has  not  yet 
been  exactly  ascertained,  is  certainly  much  less  than  that  which  is 
required  in  furnaces  witi  chimney  draughts;  and  there  is  reason 
to  believe  that  on  an  average  it  may  be  estimated  at  about  one-half 
of  the  air  required  for  combustion ;  so  that  in  this  case, 

A'  =  I A  =  18  lbs.  nearly (3.) 

This  estimate  is  roughly  made;  but  it  is  the  nearest  approxima- 
tion at  present  attainable.  It  is  probable  that  the  supply  of  air 
i^uired  for  dilution  varies  considerably  in  different  arrangements 
of  furnace,  and  for  different  kinds  of  fuel ;  and  it  is  possible,  that 
by  blowing  the  air  for  combustion  into  a  furnace  in  small  enough 
jets,  and  with  suf&cient  force,  air  for  dilution  might  be  rendeml 
imnecessary,  so  that  A'  would  be  =  A. 

An  insufficient  supply  of  air  causes  imperfect  combustion  of  the 
fuel,  which  in  bituminous  coal  is  indicated  by  the  production  of 
smoke,  and  in  coke  and  blind  coal  by  the  discharge  of  carbonio 
oxide  gas  from  the  chimney.  That  gas  is  transparent  and  in- 
visible; but  its  presence  may  be  detected  by  the  blue  or  purple 
flame  with  which  it  bums  when  ignited  in  contact  with  fresh  air. 

An  excessive  supply  of  air  causes  waste  of  heat  to  the  amount 
corresponding  to  the  weight  of  air  in  excess  of  that  which  is 
necessary,  and  to  the  elevation  of  the  temperature  at  which  it  is 
discharged  from  the  chimney  above  that  of  tiie  external  air. 

230.  ]»iMrib«ii«a  •£  Fad  aad  Air. — In  burning  charcoal,  coke, 
and  coals  which  contain  a  small  proportion  only  of  hydrocarbons,  a 
supply  of  air  sufficient  for  complete  combustion  will  enter  from 
the  aah  pit  through  the  bars  of  the  grate,  provided  there  is  a  suffi- 
cient dittught,  and  that  care  is  taken  to  distribute  the  fresh  fuel 
evenly  over  the  flre,  and  in  moderate  quantities  at  a  time,  so  that 
the  thickness  of  the  layer  of  burning  friel  shall  never  differ  much 
frx>m  ten  or  twelve  inches. 

To  insure  the  complete  combustion  of  highly  bituminous  coal, 
other  means  have  to  be  adopted.     That  invented  by  Watt  was  the 
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use  of  a  dead  plate;  that  is,  a  hoiizontal  or  slightly  inclined  plate 
at  the  month  of  the  fnmaoe,  without  perforations,  on  which  each 
firesh  charge  of  coal  is  laid,  nntil  the  hydrocarbons  are  volatilized 
and  expelled  b j  ihe  radiant  heat  of  the  fire.  The  layer  of  boining 
fuel  on  the  grate  being  thin  at  the  time  when  a  ficesh  diaige  is 
needed,  more  air  passes  through  it  from  the  ash  pit  than  is  neces- 
saiy  for  its  own  combustion,  and  the  surplus  serves  to  bum  the 
inflammable  gas  as  it  passes  above  the  grate.  When  the  coal  on 
Hhe  dead  plate  has  been  reduced  to  coke,  it  is  pushed  inwards  and 
spread  over  the  fire.  The  success  of  this  process  depends  wholly 
on  the  care  and  skill  of  the  fireman.  It  is  useful  not  only  to  pro- 
mote complete  combustion,  but  to  prevent  the  clogging  of  the  bars 
by  caking  coaL 

In  burning  anthracite,  a  dead  plate  is  useful  for  a  different 
purpose,  viz.,  to  heat  the  fuel  gradually;  because  sudden  heating 
makes  it  fly  into  small  pieces,  whidi  drop  through  the  bars  into 
the  ash  pit,  and  are  partly  wasted 

In  the  double  furnace  with  alternate  firing,  introduced  by  Mr. 
Eairbaim,  the  gas  diBtUled  from  the  fresh  fuel  in  one  of  a  pair  of 
furnaces  is  burned  by  the  excess  of  air  which  passes  throu^  the 
red  coke  on  the  grate  of  the  other  furnace. 

Another  mode  of  insuring  the  complete  combustioii  of  the 
volatile  parts  of  the  coal  is  one  of  which  various  forms  have 
been  invented  by  Mr.  C.  W.  Williams,  Mr.  Frideaux,  Mr.  Clark, 
and  others,  and  consists  in  admitting  air  abaw  Uie  fuel  to  bum  the 
gas,  and  bdow  it  to  bum  the  coka 

Mr.  Williams  admits  air  at  a  constant  rate  through  perforations 
in  a  double  door  and  double  frcmt.  In  the  latest  practical  examples, 
the  total  area  of  these  perforations  is-f^oi  ihe  area  of  the  grate, 
when  25  lb&  of  coal  are  burned  per  hour  on  the  square  foot  of 
grate;  that  is,  when  the  area  of  i^e  grate  in  square  feet  is  -^  of 
the  number  €i  lbs.  of  coal  burned  per  hour,  the  joint  area  of  the 
air  holes  is  tvtt  of  the  same  number. 

Mr.  Prideaux  uses  a  self-acting  apparatus  for  the  admissicm  of 
air,  like  a  Yenetian  blind,  which  is  opened  when  fresh  ooid  is 
supplied,  and  which  gradually  closes  as  the  gas  of  Uie  fresh  fiiel 
becomes  exhausted.  The  object  of  this  is  to  supply  enough  of  air 
at  the  time  when  it  is  needed,  and  to  prevent  an  excessive  supply 
at  other  times.  Mr.  D.  K.  Clark,  by  steam  jets,  Uows  in  jets  of 
air  through  holes  immediately  above  the  fueL 

According  to  a  method  which  seems  to  have  been  first  used  in 
America,  a  fieui  blower  blows  air  through  two  sets  of  noales,  one 
opening  into  the  ash  pit,  which  is  closed  in  front,  and  the  other 
into  the  furnace,  immediately  above  the  fueL  /^ 

Mr.  Gorman  opens  and  closes  the  front  of  ^^^TO^^^aiid  the 
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air  holes  in  the  front  of  the  ftunaces,  alternately,  so  that  the  oom- 
Imstion  of  the  gas  from  the  fr^sh  friel,  and  of  the  ooke  left  aftor  its 
expulsion,  take  place  alternately. 

Dr.  Idarsh  sopplies  ihe  whole  of  the  air  for  baming  the  coke  as 
well  as  the  gas,  by  jets  directed  downwards  on  the  friel  from  above. 

Incomplete  combustion  of  friel  is  often  caused  by  the  chilling 
and  extinguishing  of  flame  through  contact  with  the  sur£EU)e  of  the 
boiler,  before  the  combustion  is  completed.  This  is  in  some 
furnaces  prevented  by  completing  the  combustion  in  fire-brick 
chambers  or  passages.  For  example,  in  the  frimaces  introduced 
by  Messrs.  Charles  Tennant  &  Company,  the  combustion  is  com- 
pleted in  an  arched  brick  oven  or  reverb€a»tory  furnace,  before  the 
hot  gas  comes  in  contact  with  anv  part  of  the  boiler.  The  sides 
and  roof  of  that  oven  consist  of  two  layers  of  fiiro-brick  wiUi  a 
closed  air  space  between,  as  already  described  in  Article  228. 

In  many  frimaces  the  principles  of  the  various  contrivances 
beforementioned  are  combmed;  thus  double  fomaces  are  tised 
with  air  holes  in  the  front,  and  with  fire-brick  combustion  cham- 
bers. The  coal  burning  locomotive  frimaces  of  various  inventors 
are  of  tiiis  class.  Various  furnaces  have  been  used,  such  as 
Juckes*s,  in  which  the  friel  is  supplied  at  an  uniform  rate  by 
mechanism. 

In  the  apparatus  known  by  the  name  of  the  "  Syst^e  Beaa- 
fum^"  a  partial  combustion  of  the  friel  is  dfectod  in  a  frimace 
surrounded  by  a  water  chamber,  and  supplied  by  a  fan  with  just 
enough  of  air  to  form  carbonic  oxide  with  the  whole  of  the  free 
carbon,  and  volatilize  the  whole  of  the  hydrocarbons,  so  that  the 
whole  of  the  fuel  is  gasefied  except  the  ash.  The  mixture  of  car- 
bonic oxide  and  hydrocarbon  gases  thus  produced  is  conducted  by 
a  pipe  to  a  combustion  chamber,  where,  by  the  introduction  of  jets 
of  air  of  sufficient  volume,  it  is  completely  burned. 

If  smoke  is  mixed  with  carbonic  add  gas  at  a  red  heat,  the  solid 
carbonaceous  particles  are  dissolved  in  the  gas,  and  carbonic  oxide 
is  produced.  This  is  the  mode  of  operation  of  contrivances  for 
destroying  smoke  by  keeping  it  at  a  high  temperature,  without 
providing  a  sufficient  supply  of  air;  and  the  result  is  a  waste, 
instead  of  a  saving  of  fuel 

The  details  of  tiie  construction  of  various  furnaces  will  be  further 
considered  in  a  subsequent  chapter. 

231.  TwniMiMfi  •r  Fire— By  the  tempercUure  of  the  fire  is  here 
understood  the  temperature  of  the  products  of  combustion,  and  the 
air  with  which  they  are  mixed,  at  the  instant  that  the  combustion 
is  complete.  The  elevation  of  that  temperature  above  the  tempera- 
ture at  which  the  air  and  fuel  are  supplied  to  the  furnace  may  be 
computed,  by  dividing  the  total  heat  of  combustion  of  one  lb.  of 
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fuel  by  the  weight  and  by  the  specific  heat  of  the  whole  prodncts 
of  its  combustion,  and  of  the  air  employed  for  their  dilution,  under 
constant  pressure. 

The  specific  heat,  under  constant  pressure. 

Of  carbonic  acid  gas  is 0*217 

Of  steam, 0*475 

Of  nitrogen  (probably), 0*245 

Of  air, 0-238 

Of  ashes,  probably  about 0*200 

By  using  these  data,  the  following  results  are  obtained  for  the 
two  extreme  cases  of  pure  carbon  and  olefiarU  gas,  burned  respeo- 
tively  in  air:* — 

Fuel, ,CA»Boir.  Olbitaiit  Gab. 

Total  heat  of  combustion  per  lb., 1 4,500  a  1,300 

Weight  of  products  of  combustion  in  )  ,^  ii,„  .^.  ^  lu 

aif,  undiluted, ;  '3  lbs.  16-43  lbs. 

Their  mean  specific  heat, 0-237  0-257 

Specific  heat  x  weight, 3*08  4-22 

Mevation  of  temperature  if  undiluted,  4580**  5050^ 

J[f  diluted  with  air=:-^  air /or  combustion — 

Weight  per  lb.  of  fuel, 19  24-2 

Mean  specific  heat, 0*237  0-25 

Specific  heat  X  "w^eight, 4*51           6-06 

Elevation  of  temperature, 3215®  SS^S^ 

J[f  diluted  toiih  air  =  air  for  combustion — 

Weight  per  lb.  of  fuel, 25  31*86 

Mean  specific  heat, 0-238  0-248 

Specific  heat  x  weight, 5-94           7*9 

Mevation  of  temperature, 3440^  2710^ 

It  appears  from  these  calculations  that  the  mean  specific  heat  of 
the  products  of  combustion  of  furnaces  differs  very  little  from  that 
of  air  when  they  are  undiluted,  and  still  less  when  they  are  diluted 
with  air. 

232.  Bate  mt  €«vibwitoM. — The  weight  of  fuel  which  can  be 
burned  in  a  given  time  in  a  given  furnace  depends  on  the  draught, 
or  quantity  of  air,  which  is  made  te  pass  through  that  furnace  in  a 
given  time,  and  may  be  computed  by  dividing  the  weight  of  that 

*  These  calculations  are  made  according  to  the  same  principles  with  those  of 
Mr.  Prideanx  in  his  treatise  on  Economy  of  /W,  Section  V^I.;  but  there  are  some 
differences  in  the  data,  especially  as  to  tlM  specific  heat  Qr||i^(^hich  lead  to 
differences  (though  not  great  ones)  in  the  numerical  results. 
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air  by  the  proportion  which  that  weight  bears  to  the  weight  of  fuel 
which  it  can  oompletelj  bum,  according  to  the  principles  of  Article 
229. 

The  rate  of  combustion  of  coal  in  a  furnace  is  usually  stated  in 
pcufuibper  Kowr^  burned  on  each  square  foot  ofgraU.  The  follow- 
ing are  examples : — 

L  With  Chucnet  Draught. 

Lb0.  per 
square  foot 
per  hoar. 

1.  The  slowest  rate  of  combustion  in  Cornish  boilers,  4 

2.  Ordinary  rate  in  these  boilers, 10 

3.  Ordinaiy  rates  in  foctory  boilers, 12  to  16 

4.  Ordinary  rates  in  marine  boilers, 16  to  24 

5.  Quickest  rates  of  complete  combustion  of  dry  \ 

coal,  the  supply  of  air  coming  through  the  >     20  to  23 
grate  only, ) 

6.  Quickest  rates  of  complete  combustion  of  cak-  \ 

ing  coal,  with  air  holes  above  the  fuel  to  the  >     24  to  27 
extent  of  rir  area  of  grate, ) 

n.  With  Draught  Produced  by  Blast  Pipe  or  Fan. 

7.  Locomotives, 40  to  120 

233.  itomagiit  mf  Fanmccs.  —  The  draught  of  a  furnace,  or 
quantity  of  mixed  gas  which  it  discharges  in  a  given  time,  may  be 
estimated  either  by  weight  or  by  volume;  or  it  may  be  expressed 
by  means  of  the  velocity  of  the  current  at  some  particular  point; 
or  by  the  pressure  required  to  produce  that  current 

When  either  the  whole  or  part  of  the  oxygen  in  a  given  weight 
of  air,  at  a  given  temperature,  combines  with  carbon  so  as  to  form 
carbonic  acid,  the  volume  of  the  mixed  gas  produced  is  the  same 
with  the  original  volume  of  the  air;  and  the  density  is  increased 
simply  in  the  ratio  of  the  sum  of  the  weights  of  the  air  and  of  the 
carbon  to  the  weight  of  the  air. 

When  the  whole  or  part  of  the  oxygen  of  a  given  weight  of  air 
combines  with  hydrogen  so  as  to  form  steam,  the  volume  of  the 
mixed  gas  produced  is  greater  than  the  original  volume  of  the  air 
by  an  amount  equal  to  one-half  of  the  volume  of  the  hydrogen 
taken  up. 

But  the  hydrogen  in  ordinary  fuel  bears  so  small  a  proportion  to 
the  whole  weight,  that  in  calculations  for  practical  purposes,  the 
volume  at  any  given  temperature  of  the  gas  which  a  furnace  dis- 
chai^ges  may  be  treated  without  sensible  error  as  being  equal  to  the 
volume  at  the  same  temperature  of  the  air  with  which  it  is  supplied. 
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The  variations  of  density  produced  by  deviataons  of  the  pressure 
of  the  fnroace  gas  from  the  mean  atmospheric  pressure  may  also 
be  neglected  in  practice;  so  that  its  volume  at  32°  Fahrenheit  may 
be  estimated  approximately  at  12^  cnbic  feet  for  each  lb.  of  air 
supplied  to  the  fmniace;  or^  if  the  supply  of  air  be 

'     Ydamo  At  8S^  per 
ItkofftieL 

12  lbs.  per  lb.  of  fuel, 150  cubic  feet. 

IS        „  „         225        „ 

2^        >,  „        300        „ 

The  volume  at  any  other  temperature  T  is 

V  =  volume  at  32»  x      T.,°^     »=  V,  •- (1.) 

The  following  are  some  of  the  results : — 

Supply  of  air  in  Hm.  per  lb.  of  ftnL 
12  i8  24 

Tempertture.    Yolome  of  gaaei  per  lb.  of  fbd  in  cubic  ftet 

4640*  I55lt 

3275*  113^  1704 

2500*  906  1359  181 2 

1832**  697  1046  1395 

1472**  588  882  H76 

""**  479  7^8              957 

752°  369  553              73B 

57a*'  314  471              628 

392**  359  389              519 

212^*  205  307              409 

104**  17a  358              344 

68**  161  241              322 

Sa**  150  aaS  300 

Let  to  denote  the  weight  of  fuel  burned  in  a  given  fiimaoe  per 
Becond; 

Vo,  the  volume  at  32**  of  the  air  supplied  per  lb.  of  fuel ; 

Tj,  the  absolute  temperature  of  the  gas  discharged  by  the  chimney ; 

A,  the  sectional  area  of  the  chimney;  then  the  velocity  of  the 
current  in  the  chimney  in  feet  per  second  is 

«='=^^-' w 

and  the  density  of  that  cuirent,  in  lbs.  to  the  cubio-foajL  |s  very 

Tl^flrly  igitizedby  VjCJO^ 
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D  =  J  (0O8O7  +  Ij; (3.) 

that  18  to  say,  from  0*084  to  0-087  X  t^  -r  t,. 

Let  I  denote  the  whole  length  of  the  chimneyy  and  of  the  flue 
leading  to  it,  in  feet; 

m,  its  '^  hydraulic  mean  depth,"  that  is,  its  area  divided  by  its 
perimeter  (see  Article  99^;  whic^,  for  a  square  or  round  flue  and 
chimney,  is  one  quarter  01  the  diameter; 

/,  a  OGkefficient  of  friction,  whose  value  for  currents  of  gas  moving 
over  sooty  surfietces  is  estimated  by  Peclet  at  0*012; 

G,  a  victor  of  resistance  for  the  passage  of  the  air  through  the 
grate  and  the  layer  of  fuel  above  it,  whose  value,  according  to  the 
experiments  of  Peclet  on  furnaces  burning  from  ^  to  24  lbs.  of 
coal  per  square  foot  of  grate,  is  12. 

Then,  according  to  a  formula  of  Peclet,  confirmed  by  practical 
experience,  the  "  head  "  required  to  produce  the  draught  in  question 
is  given  by  the  equation 

'"^O+o+S)^ <^> 

which,  with  the  values  assigned  by  Peclet  to  the  constants,  beccHnes 

-i^O'+T-O ■ <-) 

It  appears  that  in  using  this  formula,  a  conical  or  pyramidal 
chimn^  may,  without  sensible  error,  be  treated  as  if  it  were 
cylindrical  or  prismatic,  with  an  uniform  sectional  area  equal  to 
that  of  the  opening  at  the  top. 

The  same  formula  enables  the  velocity  u  to  be  computed  when 
the  head  A  is  given;  and  then,  by  means  of  the  equation 

the  weight  of  fuel  which  the  furnace  is  capable  of  completely  bum- 
ingper  hour  can  be  computed. 

llie  head  A  is  expressed  mfeet  in  heighi  of  a  colttmn  of  the  hot  gaa 
in  the  chimney.  It  may  be  converted  into  an  equivalent  pressure  in 
pounds  on  the  sqtiare  foot,  by  multiplying  as  follows  by  the  density 
of  that  gas  as  given  by  equation  3  :-^ 


|,  =  AD  =  Af»  (0-0807 +  i-j;...e^3„^) 
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and  this  again  may  be  converted  into  any  other  convenient  unit  of 
pressure,  by  midtiplying  by  a  suitable  £u;tor,  such  as  those  in 
Article  107,  page  110. 

An  unit  of  head  very  commonly  employed  is  an  inch  of  water; 
siphon  water  gauges,  graduated  into  inches  and  decimals,  being 
used  to  indicate  the  difference  of  pressure  within  and  without  a 

flue.     For  this  unit  the  multiplier  is  >  ,^     =  0-192;  that  is  to  say, 

Headinim^offjoaler^{^'\^2p  =  (^'inh'^ 

The  head  may  be  produced  in  three  ways — 
L  By  the  draught  of  a  chimney. 
11.  By  a  blast  pipe. 

III.  By  a  fan  or  other  blowing  machine. 

L  The  head  produced  by  the  draught  of  a  chimney  is  eqtuvalent 
to  the  excess  of  the  weight  of  a  vertical  column  of  cool  air  outside 
the  chimney,  and  of  the  same  height,  above  that  of  a  vertical  column 
of  equal  base,  of  the  hot  gas  within  the  chinmey;  and  when 
expressed  in  feet  of  hot  gas,  it  is  found  by  computing  the  weight  of 
a  column  of  the  cool  external  air  as  high  as  the  top  of  the  chimney 
is  above  the  grate  and  one  foot  square  in  the  base,  dividing  by  the 
weight  of  a  cubic  foot  of  the  hot  gas  for  the  height  of  an  equivalent 
column  of  hot  gas,  and  subtracting  the  former  height  from  the 
latter. 

Thus,  let  H  denote  the  height  of  the  chimney,  and  r^the  ahaolute 
temperature  of  the  external  air  (=  T^  +  461°*2),  then 

H  •  ^  (0-0807) 

l0(0O807+^j  '        ^ 


H  =  7t-i-(o-96^i-l) (9.) 


Eqtiation  9  serves  to  calculate  the  height  of  the  chimney  required 
in  order  to  produce  a  given  draught 

For  a  given  external  temperature,  there  is  a  certain  temperature 
within  the  chimney  which  produces  the  most  effective  draught; 
that  is,  the  maximum  toeight  of  hot  gas  discharged  per  second. 
That  temperature  is  foimd  as  follows : — 

The  velocity  of  the  gas  in  the  chinmey  is  proportional  to  */Ti; 
and  therefore  to  J  (0-96  t^  -  r^.  ^.g,,^^,  ,y  GoOgFe 
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The  density  of  that  gas  is  proportional  to  — 

The  weight  discharged  per  second  is  proportional  to  velocity  X 

density,  and,  therefore,  to  — ^ ^ ;    which  expression  be* 

comes  a  mayimnm  when 

^^=l^l=2^-«' o«) 

therefore,  the  best  chimney^lratiglU  takes  place  when  the  abscluts 
temperature  of  ike  gaa  in  the  chimney  is  to  that  of  the  external  air  as 
25tol% 

When  this  condition  is  fulfilled,  we  have  evidently 

A  =  Hj (11.) 

that  is,'  the  head  for  the  best  chimney-draught,  expressed  in  hoi 
gas,  is  eqttal  to  the  height  of  the  chimney;  and  it  is  also  obvious, 
that  the  density  of  the  hot  gas  is  one-half  of  that  of  the  external  air. 

Suppose,  for  example,  that  the  temperature  of  the  external  air 
on  the  ordinaiy  scale  is 50^  Fahr. 

then  its  absolute  temperature  is. 511*2 

the  absolute  temperature  within  the  chimney,  to  give 
the  best  draught,  is 2^  X  511*2=:  1065*0 

corresponding  on  the  ordinary  scale  to 603-8 

being  a  Uttle  below  the  temperature  of  melting  lead.  It  may  be 
laid  down  as  a  practical  rule,  that  to  insure  the  best  possible  draught 
through  a  given  chimney,  the  temperaiwreoftheliot  gas  in  the  chimney 
should  be  nearly,  but  not  quite,  strident  to  mdt  lead. 

As  the  proper  allowance  of  air  for  a  chimney-draught  is  24  lbs. 
to  each  lb.  of  fuel,  the  volume,  at  that  temperature,  of  the  hot  gas 
discharged  by  the  chimney,  is  about  650  cubic  feet  per  lb.  of  fuel, 
or  26  cubic  feet  per  lb.  of  the  hot  ps  itselfl 

When  the  temperature  in  a  chimney  is  found  to  be  above  this 
limit,  it  is  to  be  reduced,  not  by  admitting  cold  air  to  dilute  the 
hot  gas,  but  by  employing  the  surplus  heat  for  some  useful  purpose, 
such  as  heating  or  evaporating  water. 

So  long  as  the  draught  in  a  chimney  is  sufficient  to  bum  the 
requisite  quantity  of  fuel  in  the  furnace,  the  temperature  in  the 
chimney  may  often  be  reduced  with  advantage  considerably  beUno 
that  corresponding  to  the  most  effective  draught,  provided  the  heat 
abstracted  from  the  hot  gas  is  usefully  employed ;  but  it  is  never 
advantageous  to  raise  the  temperature  in  tJie  chimney  above  that 

linwt.  igitizedbyGoOQle 

IL  Tfaie  head  produced  by  a  blast  pipe  is  equivalent  to  tmit  part 

u 
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of  the  atmospheric  pressure  which  is  balanced  by  means  of  tho 
impact  of  the  jet  of  steam  against  the  column  of  gas  in  the  chiomey. 
Its  amount  and  effect  will  be  considered  in  a  sull^equent  chapter. 

IIL  The  work  which  a  fan  or  other  blowing  machine  must  per- 
form in  a  given  time  in  blowing  air  into  a  furnace  so  as  to  produce 
ft  given  head,  is  found  by  multiplying  the  pressure  equivalent  to 
that  head,  in  pounds  on  the  square  foot  {p,  equation  6),  into  the 
number  of  cubic  feet  of  air  blown  in,  taken  at  the  temperature  at 
which  it  quits  the  blowing  machine.  Let  Tj  be  that  temperature 
on  the  absolute  scale  (being  equal  to,  or  higher  than  r^  that  of  the 
external  air,  as  the  case  may  be) ;  then  iJ^e  net  or  useful  work  of 
the  blowing  machine  per  second  is 

l^JoJ^^^Y     l8;^('o-0807  +  4-) (12.) 

The  gross  power  or  energy  required  to  drive  a  blowing  fen  is 
ffreater  than  the  useful  work  in  a  proportion  which  varies  much 
in  different  machines,  and  is  very  uncertain.  In  some  recent 
experiments,  as  nearly  as  it  oould  be  ascertained,  the  indicated 
power  exerted  by  two  steam  engines  driving  fens  through  long 
trains  of  shafting,  pulleys,  and  belts,  appeared  in  each  case  to  be 
about  donMe  of  the  useful  effect 

234.  Arailakle  WLtm%  •f  CMitaudMi— ESciMiCT  cf  Fnwui«. — 
The  available  heat  of  combustion  of  one  pound  of  a  given  sort  of 
fuel,  is  that  part  of  the  total  heat  of  combustion  which  is  com- 
municated to  the  body  to  heat  which  the  fuel  is  burned;  for 
example,  to  ihe  water  in  a  steam  boiler;  and  the  efficiency  of  a 
given  furnace,  for  a  given  sort  of  fuel,  is  the  proportion  which  the 
available  heat  bears  to  the  total  heat,  when  the  given  sort  of  fuel  is 
burned  in  the  given  furnace. 

The  word  "  furnace "  is  here  to  be  understood  to  comprehend, 
not  merely  the  chamber  in  which  the  combustion  takes  place,  but 
the  whole  apparatus  for  burning  the  fuel  and  transferring  h^t  to 
the  body  to  be  heated,  including  ash  pit,  air  holes,  flame  chamber, 
flues,  tubes,  and  heating  surface  of  every  kind,  and  chimney. 

The  same  kind  of  furnace  may  be  more  efficient  for  one  sort  of 
fuel  than  for  another;  and  it  may  also  be  more  or  less  efficient  for. 
the  same  sort  of  fuel,  according  to  the  way  in  which  the  combustion 
is  managed. 

The  available  heat  falls  short  of  the  total  heat  from  several 
causes,  of  which  the  principal  are  the  following : — 

L  Waste  of  Unbv/mt  Fvd  in  the  Solid  State, — This  generally 
arises  from  brittleness  of  the  fuel,  combined  with  want  of  care 
in  the  stoker,  by  which  causes  the  fuel  is  made  to  fall  into  smal) 
pieces,  which  escape  between  the  grate  bars  into  the  ash  pit 
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Many  of  the  most  valuable  kinds  of  coal,  such  as  the  dry  steam 
coals,  are  brittle.  The  waste  of  such  coals  in  the  solid  state  is  to 
be  prevented  by  the  following  means : — (1.)  They  are  to  be  thrown 
evenly  and  uniformly  over  the  fire  with  the  shovel,  so  that  there 
shall  be  no  occasion  to  disturb  them  after  they  are  fijrst  thrown  in. 
(2.)  The  fire  is  not  to  be  stirred  firom  above;  and  the  grate  bars 
are  to  be  cleared  when  required,  by  a  hook  or  slice  from  below. 
(3.)  The  ashes  are  to  be  riddled  from  time  to  time,  and  the 
small  coal  or  cinders  contained  amongst  them  thrown  uponi^he 
fires. 

It  is  impossible  to  estimate  the  greatest  amount  of  this  kind  of 
waste  which  may  arise  from  careless  firing ;  but  the  amount  which 
is  unavoidable  with  good  firing  has  in  some  cases  been  ascertained 
by  experiment,  and  found  to  range  from  nothing,  up  to  about  2} 
percent. 

II.  Tlie  Waste  of  Unhwmi  Fud  m  the  Gaseous  and  Smoky  States^ 
and  the  means  of  preventing  that  waste,  by  a  sufficient  supply  and 
proper  distribution  of  air,  have  been  stated  in  the  preceding 
Articles. 

The  greatest  probable  amount  of  that  waste,  when  the  absence  of 
any  provision  for  introducing  air  to  bum  the  inflammable  gases  is 
combined  with  bad  firing,  may  be  estimated  by  taking  the  propor- 
tion in  which  the  total  heat  of  combustion  of  the  coke  or  fixed 
carbon  contained  in  one  pound  of  the  coal  is  less  than  the  total 
heat  of  combustion  of  all  the  constituents  of  one  pound  of  the 
coaL 

When  the  firing  is  conducted  with  care,  but  the  supply  of  air 
insufficient,  the  waste  may  be  estimated  by  treating  the  hydrogen 
as  ineffective;  that  is,  by  taking  the  proportion  in  which  the  heat 
due  to  the  whole  of  the  carbon  in  the  coal  is  less  than  the  heat  due 
lo  the  carbon  and  to  the  hydrogen  in  excess  of  that  required  to 
form  water  with  the  oxygen  in  the  coaL  This  method  of  calcula- 
tion proceeds  on  the  supposition,  that  the  whole  of  the  hydrocarbons 
are  decomposed  into  carbon  and  hydrogen  by  the  heat,  that  the 
carbon  is  completely  burnt,  and  that  the  hydrogen  escapes  unbumt 
That  supposition  appears  to  represent  with  an  approach  to  accuiucy 
the  state  of  things  in  good  ordinary  steam  boiler  frurnaces  which 
have  no  special  provision  for  distributing  air  amongst  the  inflam- 
mable gases;  for  the  result  of  experience  with  such  furnaces  is,  that 
the  relative  values  of  coals  consumed  in  them  are  nearly  propor- 
tional to  the  quantities  of  carbon  contained  in  those  coals. 

It  appears,  then,  that  there  are  two  degrees  of  waste  from  imper- 
fect combustion  of  the  gas  and  smoke  from  one  pou/nd  of  bituminous 
coal,  which,  as  reduced  to  equivalent  weiglUs  of  carbon,  may  be 
expressed  as  follows : — 
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Watte  reduced 
tooirboo. 


-     7'28 


.    IO'28 
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(1.)  Insofficient  air^  but  good  firing,  the  sur- 
plus hydrogen  wasted, 

(2.)  Veiy  insufficient  air,  and  bad  firing;  all 

the  hydrocarbons  wasted.    If  the  hydrogen 

and  carbon  in  these  are  combined  in  the 

same  proportion  as  in  marsh  gas  (Hj  C) ; 

then  for  eveiy  lb.  of  hydrogen  wasted,  3 

lbs.  of  carbon  are  wasted  also;  giving  as 

the  total  waste  reduced  to  carbon, 

If  the  hydrogen  and  carbon  are  combined  in 

the   same   proportion  as  in   olefiant  gas 

(Hg  Cj),  then  for  every  lb.  of  hydrogen 

waste(C  6  lbs.  of  carbon  are  wasted  ako; 

giving  as  the  total  waste  reduced  to  carbon, 
and  for  intermediate  proportions,  intermediate 

quantities  are  wasted. 

IIL  WcuU  by  External  Radiation  and  Conduction, — The  waste 
by  direct  radiation  from  burning  coal  through  an  open  fire  door  may 
be  approximately  estimated  according  to  the  principles  of  Article 
228,  by  assuming,  in  the  first  place,  the  heat  directly  radiated  from 
the  fuel  to  be  one-half  of  the  total  heat  of  combustion;  next,  con- 
ceiving the  surface  of  the  burning  mass  to  be  divided  into  several 
small  equal  parts,  from  each  of  which  an  equal  share  of  the  heat 
radiates;  then,  finding  what  fraction  of  the  surface  of  a  sphere  de- 
scribed about  one  of  those  parts  is  subtended  by  the  opening  through 
which  the  radiation  takes  place,  and  multiplying  the  share  of  heat 
radiated  from  the  part  of  the  fuel  in  question  by  that  fraction ; 
and,  lastly,  adding  together  the  products  so  found  for  the  several 
parts  of  the  burning  frieL  The  loss  by  conduction  through  the 
solid  boundaries  of  l£e  furnace  might  be  estimated  from  their  area, 
their  material,  their  thickness,  their  thermal  resistance,  and  the 
difference  of  the  temperatures  within  and  without  the  furnace,  by 
the  principles  of  Article  219. 

In  well  planned  and  well  constructed  fdmaces,  however,  those 
losses  of  heat  should  be  practically  inappreciable;  and  the  general 
nature  of  the  means  of  making  them  so  has  been  stated  in  Article 
228. 

IV.  Waste  or  Loss  offfeai  in  the  Hot  Gas  which  Escapes  by  the 
Chinmey, — Considering  that  the  temperature  of  the  fire,  in  a  fur- 
nace with  a  draught  produced  by  a  chimney,  and  supplied  with  24 
lbs.  of  air  per  lb.  of  fuel,  is  about  2400°  Fahr.  above  the  tempera- 
ture of  the  external  air,  and  that  the  temperature  of  the  hot  gas  in 
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the  chimney,  in  order  to  produce  the  best  possible  draught,  should 
be  about  600°  above  the  temperature  of  the  external  air,  it  appears, 
that  under  no  circumstances  can  it  be  necessary  to  expend  more 
than  ofMrfowrth  of  the  total  heat  of  combustion  for  the  purpose  of 
producing  a  draught  by  means  of  a  chimney.  By  making  the 
chimney  of  large  enough  dimensions  as  compared  with  the  grate,  a 
much  less  expenditure  of  heat  than  this  may  be  made  to  produce  a 
draught  sufficient  for  the  rate  of  combustion  in  the  furnace. 

When  the  draught  is  produced  by  means  of  a  blast  pipe,  or  of  a 
blowing  machine,  no  elevation  of  temperature  above  that  of  the 
external  air  is  neceaaary  in  the  chimney;  therefore,  furnaces  in 
which  the  draught  is  so  produced  are  capable  of  greater  economy 
than  those  in  which  the  draught  is  produced  by  means  of  a  chimney. 

It  appears  further,  as  has  already  been  stated,  that  with  a  forced 
draught  there  is  less  air  required  for  dilution,  consequently  a  higher 
temperature  of  the  fire,  consequently  a  more  rapid  conduction  of 
heat  through  the  heating  surface,  consequently  a  better  economy  of 
heat  than  there  is  with  a  chimney-draught. 

The  proportion  of  the  whole  heat  which  is  lost  with  the  gas 
discharged  by  the  chimney  depends  mainly  on  the  efficiency  ofQiA 
?ieating  surface,  which  has  alr^tdy  been  considered  in  Article  221. 

Beferring  to  equation  13,  in  case  2  of  that  Article,  let  E  denote 
the  theoretical  evaporative  power,  and  E'  the  available  evaporative 
power,  of  one  lb.  of  a  given  sort  of  fuel,  in  a  boiler  furnace  in  which 
the  area  of  heating  si^ace  is  S.     Then 

E=^"      .  a<^W <^) 


S  + 


H 


Where  B  is  a  fractional  multiplier,  to  allow  for  miscellaneous  losses 
of  heat,  whose  value  is  to  be  found  by  experiment. 

Now  c**  W*  is  proportional  nearly  to  F*  VJ,  where  P  is  the 
number  of  lbs.  of  fuel  burnt  in  the  furnace  in  a  given  time,  and 
Y^  as  in  a  former  Article,  the  volume  at  32°  of  the  air  supplied 
per  lb.  of  fuel     Also,  H  oc  F  x  a  constant. 

Hence  it  may  be  expected,  that  the  efficiency  of  a  furnace  will 
be  expressed  to  an  approximate  d^ree  of  accuracy,  by  the  follow- 
ing formula : — 

E     S  +  AF' ^"-^ 

in  which  A  is  a  constant,  which  is  to  be  found  empirically,  and  is 

*  This  fonnula,  and  most  of  the  examples  which  follow  it,  were  first  pabllsbed  in 
a  paper  read  to  Uie  Institution  of  Engineers  in  Scotland,  on  the  20th  of  April,  1859. 
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probably  proportional  approximately  to  the  aqttare  of  the  quantity 
of  air  supplied  per  lb.  of  fuel. 

It  is  customary  and  convenient  to  refer  yarious  dimensions  and 
quantities  relating  to  a  furnace  to  the  ^qua/re  foot  of  grate;  there- 
fore S  may  be  token  to  represent  the  number  of  square  feet  of 
heating  sui&oe^  and  F  the  number  of  lbs.  of  fuel  burnt  per  hour, 
per  mpiarefoot  ofgraJte, 

The  following  are  the  values  of  the  constants  B  and  A  which 
have  been  found  to  agree  best  with  experiment,  so  far  as  the 
practical  performance  of  boilers  has  hitherto  been  compared  with 
the  formula : — 

Boiler  Class  I.  The  convection  taking  place  in  the 
best  manner  (see  Article  220),  either  by  introduc- 
ing the  water  at  the  coolest  part  of  the  boiler,  and 
making  it  travel  gradually  to  the  hottest  (as  in 
Lord  Dundonald's  boiler),  or  by  heating  the  feed- 
water  in  a  set  of  tubes  in  the  uptake ;  the  draught  B  L 
produced  by  a  chimney, # i      0*5 

Boiler  Class  11.  Ordinaiy  convection,  and  chimney 

draught, H      o'5 

Boiler  Class  III.  Best  convection,  and  forced  draught,     i       0*3 

Boiler  Class  IV.    Ordinaiy  convection,  and  forced 

draught, i^      0*3 

When  there  is  a  feed-water  heater,  its  surface  should  be  induded 
in  computing  S;  and  the  surfece  of  tubes  surrounded  by  water  is 
to  be  measured  outside. 

The  formula  is  of  course  not  intended  to  supersede  experiments 
and  practical  trials,  nor  to  give  results  as  accurate  and  satisfectory 
as  such  experiments  and  trials,  but  to  famish  a  convenient  means 
of  estimating  approximately  the  evaporative  power  of  fuel  in  pro- 
posed boilers,  and  the  comparative  efficiency  of  different  boilers. 

The  formula  is  framed  on  the  supposition  that  the  admission  of  air 
and  the  management  of  the  fire  are  such,  that  no  appreciable  loss 
occurs,  either  fix)m  imperfect  combustion  or  from  excess  of  air,  the 
construction  and  proportions  of  the  furnace,  and  the  mode  of  using 
it,  being  the  best  possible  for  each  kind  of  coal. 

If  desired,  the  eflfect  of  imperfect  combustion  and  bad  firing  may 
be  estimated  in  the  manner  described  in  Division  IIL  of  this 
Article,  and  that  of  an  excess  of  air  by  increasing  A  in  proportion 
to  the  square  of  the  quantity  of  air  supplied. 

The  following  are  examples  of  efficiency  calculated  by  means  of 
the  formula : — 
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ET 

1^ 

0 

ForcUssofboUer 

T 

I. 

IL 

III. 

IV. 

O'l 

O'irf 

015 

025 

0*22 

025 

0-33 

0-31 

0-45 

043 

05 

0-50 

046 

0*62 

0-59 

075 

o-6o 

0-55 

071 

068 

i-o 

0-66 

061 

077 

073 

1-25 

071 

065 

081 

077 

1-5 

075 

0-69 

0-83 

079 

TO 

080 

073 

0-87 

083 

2-5 

0-83 

076 

089 

085 

30 

0-86 

079 

0-91 

086 

60 

0'92 

084 

095 

0-90 

9-0 

095 

0-87 

0-97 

0*92 

The  following  are  particular  cases : — 
L  North  country  coal — 

boiler  with  feed-water  heater,  and  chimney-draught;  or  Class  I. — 
K  =  15-5  X  0-8  =  12-4. 

This  agrees  closely  with  the  resiilts  of  the  experiments  at  New- 
castle on  fresh  coal,  both  by  the  Newcastle  committee,  and  by  the 
Admiralty  reporters. 

IL  Same  coal,  same  boiler  without  heater — 


S=^  =  35;F  =  27. 


Boiler  Class  IL— 

E'=:15-5x  0-66  =  10-23. 

This  nearly  agrees  with  an  experiment  made  by  the  AdmiraltjT 
reporters  at  Newcastle,  in  which  the  result  was  10-54 
III.  Same  coal — 


S  =  25;  F  =  25;  no  heater. 

Boiler  Class  IL—  ig„,ed 

F=:  15-5  X  0-61  =9* 
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This  Implies  to  several  ordinary  marine  boilers. 
rV.  Locomotive  boiler,  Class  IV. — 

Coke,  E  =  say  U-1;  S  =  60;  ¥  =  50. 

H  =  Ul  X  -74  =  10-43  from  212^; 

Equivalent  evaporation  from  62^  at  329**, 

1043 


1-2 


:8-69. 


The  above  proportions  of  S  and  F  are  computed  from  a  formula 
of  Mr.  D.  K.  Clark,  as  being  suitable  to  insure  an  evaporative 
power  of  9,  from  62**  at  329^     The  diflference  is  only  A. 

V.  Locomotive  boiler,  Class  IV.  (mean  of  Mr.  D,  K.  Claries 
experiments,  Nos.  38,  39,  40,  41,  42)-- 

E  =  sayl4-1;  S*83;  F  =  65J; 

17  =  14-1  X  -77  =  10-86  from  212«; 

Equivalent  evaporation  frt>m  62°  at  329% 

10-86     ^^^ 

T2-=^-^^ 

Mean  result  of  experiments, 8-72 

Difference, 0-33 

VI.  Locomotive  boiler.  Class  IV.  (mean  of  Mr.  D.  K.  Clark's 
experiments,  Nos.  48,  49,  50,  51,  53)—- 

E  =  say  14-1 ;  S  =  66-4;  F  =  562; 
E  =  14-1  X  -76  =  10-72  from  212° ; 
Equivalent  evaporation  fit>m  62®  at  329**, 

10-72 

Mean  result  of  experiments, 8-75 

Difference, 0-18 

VIL  Locomotive  boiler,  Class  IV.  (Mr.  D.  K  Clark's  experi- 
ment,  Ko.  55;  mean  of  10  trips)— 

E  =  sayl4-1;  S  =  57;  F  =  44; 
£*=  141  X  -77  =  10-86  from  212^ii^^dbyGoogIe 
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Equivalent  evaporation  from  62*  at  329% 

Besolt  of  experiments^ 9*00 

Difference, 005 

Vni.  Locomotive  boiler,  Class  IV.  (Mr.  D.  K  Clark's  experi- 
ment, No.  61,  mean  of  8  trips) — 

E  =  8ayl4-1;  S  =  60;  F  =  87; 

F  =  141  X  -66  =  9-3  from  212'' ; 

Equivalent  evaporation  from  62°  at  329% 

1:0  =  7.75 
Besalt  of  experiment, 7*2 

Difference, 0*55 

The  only  principle  followed  in  selecting  experiments  from  Mr. 
Clark's  table  is  that  of  giving  the  preference  to  those  cases  in  which 
a  mean  can  be  obtained  from  the  results  of  a  large  number  of 
experiments  under  similar  or  nearly  similar  circumstances. 

The  general  conclusion  to  be  drawn  from  the  preceding  compari- 
sons is,  that  the  formula  agrees  closely  with  the  results  of  experiment 
up  to  a  rate  of  consumption  of  about  60  lbs.  per  square  foot  of 
grate;  and  that  above  that  rate  of  consumption,  although  there  is 
still  an  approximate  agreement,  the  residts  of  experiment  &11 
somewhat  Mort  of  those  given  by  the  formula.  It  is  probable, 
however,  that  for  those  high  rates  of  consumption,  the  combustion 
is  not  so  complete  as  at  lower  rates,  and  that  some  heat  is  conse- 
quently wasted. 

Example  IX.— Boiler  Class  IL— 

E  =  aboutl5J;  S  =  60,  nearly;  F  =  6*4; 
E  =  15ix. 87  =  13.43 
Besult  of  experiment, 13.56 

Difference, 0H)8  ^         , 

igitizedbyLiOOgle 

The  above  is  the  result  of  an  experiment  of  the  Author'a 
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Example  X.  — The  Earl  of  Dnndonald's  boiler.  This  boiler  is  considered  as 
belonging  to  Class  L,  because  of  the  feed-water  being  introduced  at  the  part 
where  the  gas  from  the  furnace  is  coolest — 

£  =  about  16  ?  (for  hand-picked  Llangennech  coal) ; 
S  =  33-6;  F  =  1017;  F  =  16  x  0-87  =  13-92 
Mean  result  of  two  experiments  with  the  feed-water  at)  ^ami 

60*»,  1214  X  fiujtor  of  evaporation  1*17, >  ^* '^ 

Bifferenoe, 0*28 

Abdenduk  to  Article  254,  page  324,  and  Article  317,  page  465. 

OmtMmw  •f  Stcaai. — Let  pi  be  the  abfldota  prassore  inside  a  venel,  such  ai  a 
boiler,  and  pf  the  absolute  pressure  outside.  Let  U  denote  the  work  done  by  an  unit 
of  weight  of  steam,  if  admitted  into  a  cjUoder  at  the  pressure  pi,  expanded  till  the 
pressure  fklls  to  ps,  and  expelled  at  the  latter  pressure.  Then  the  yelocitj  with 
which  the  stc|m  will  escape  from  an  outlet  in  the  vessd  wiU  be  given  by  the  follow- 
ing fonnula,  m  which  g  denotes  gravity : — 

V  =  •  (2ir  U) (1.) 

Let  t»  be  the  volume  occupied  bj  unity  of  weight  of  the  steam  at  the  instant  when 
its  expansbn  is  complete ;  then  the  weight  of  steam  which  escapes  per  second  through 
each  unit  of  effective  area  of  outlet  is  expressed  as  follows : — 

v  +  n-v'Ci^U)-*-*. p.) 

The  following  are  the  rules  to  be  used  for  finding  U  and  u  in  dlfi^nt  cases : — 
Casb  I.    For   the  escape  through  a  non-conducting  nozzle;   u,  Article  281, 

equation  (8),  page  884 ;  or  equation  (5),  page  885;  U,  Article  284,  equation  (1),  or 

(1  A),  page  887. 
Casb  II.  For  the  esespe  through  a  nozzle  which  oommunicates  to  the  steam  Just 

heat  enough  to  prevent  liquefaction ;  »  (=>  Vf),  Article  287,  equation  (1  a),  page  898; 

or  the  Uble  headed  ** Steam  by  the  Pound,**  pages  564  to  567;  U  (»   f^^  9  d  p), 

J  Pi 
Article  287,  equation  (2),  page  898 ;  or  the  before-mentioned  table;  or  the  diagrams 
at  the  end  of  the  volume;  or  the  following  approximate  formuhe : — 


«  «  92  .  91 


(a)S,u.^,..nji-g)^j,.: (80 


Cask  III.  For  steam-gas,  the  formula  of  Article  254,  psge  824.  The  ^tcUv  ana 
of  outlet  is  the  sectional  area  of  the  escaping  jet  at  the  point  where  the  absolute 
pressure  is  j>s.  For  conoidal  converging  nozzles,  and  with  ps  not  less  than  |  pi,  the 
effective  area  may  be  taken  as  equal  to  the  actual  area  at  the  outer  end  of  the  nozzle. 

The  above-mentioned  value  of  the  external  pressure,  p,  ib  |  pi,  or  thereabouts, 
gives  a  maximum  value  to  the  weight  of  outflow,  V-f «;  and  the  experiments  of 
Mr.  R.  D.  Napier  have  shown  thst  probably,  when  ps  <  }  pi,  the  effective  area  of 
outlet  becomes  greater  than  that  of  the  nozzle  in  such  a  proportion  that  the  weight 
of  outflow  remains  consUnt  for  a  given  internal  pressure. 

For  a  rough  approxiraaticn,  let  q  be  the  weight  of  outflow  per  unit  area  per 
second;  then,  when  p2  =  0T  <  Jp,,  9=pi-T-70  nearly;  and  when  p2  >iPii 
?  =  (Ps  -H  ^2)  -VCPi  -Pf)  4-}p2.) 

(See  The  Engineer  for  SJeptember,  October,  Koveraber,  and  December,  1869.) 
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CHAPTEE  ni 

PRINCIPLES    OF  THERMODTKAMICS. 

Sbcttion  1. — Ofihb  T%DO  Imwb  of  Therrnodynamici. 


235.  ThcnMdTMwUes  PrtUiedu  —  It  is  a  matter  of  ordinary 
observation,  that  heat,  by  expanding  bodies,  is  a  source  of  me- 
chanical energy;  and  conversely,  that  mechanical  energy,  being 
expended  either  in  compressing  bodies,  or  in  friction,  is  a  source  of 
heat.  Such  phenomena  have  already  been  incidentally  referred  to, 
in  Article  13,  under  the  head  of  Friction;  in  Article  195,  where 
the  relations  between  heat  and  mechanical  energy  are  mentioned ; 
in  Article  196,  under  the  head  of  the  Properties  of  the  Conditiou 
of  Heat,  numbered  IV.,  V.,  and  VI. ;  and  in  Articles  211  to  216, 
under  l^e  head  of  Latent  Heat,  which  disappears  in  producing 
mechanical  changes,  and  can  be  reproduced  by  reversing  those 

fthitTigftR, 

The  reduction  of  the  laws  according  to  which  such  phenomena 
take  place,  to  a  physical  theory,  or  connected  system  of  principles, 
constitutes  what  is  called  the  science  of  thermodynamics. 

236.  nrtt  lAw  •f  Tiierm«d7aaBiica.  —  Heat  <md  mechanical 
energy  are  mutaaUy  convertible;  amd  heat  reqmreefor  its  production^ 
and  prodticea  by  its  disappeara/nce,  mechamml  energy  in  the  propor- 
tion of  772  foot-pounds  for  each  British  unit  of  heat :  the  said  unit 
being  the  amount  of  heat  required  to  raise  the  temperature  of  one 
pound  of  liquid  water  by  one  degree  of  Fahrenheit,  near  the 
temperature  of  the  maximum  density  of  water.  This  law  may  be 
considered  as  a  particular  case  of  the  application  of  two  more 
general  laws,  via. : — 1.  All  forms  of  energy  are  convertible.  2.  The 
total  energy  of  any  substance  or  system  cannot  be  altered  by  the 
mutual  actions  of  its  parts. 

The  quantity  above  stated,  772  foot-pounds  for  each  British 
thermal  unit,  is  commonly  called  "  Jovl^s  equivalent,*'  and  denoted 
by  the  symbol  J,  in  honour  of  Mr.  Joule,  who  was  the  first  to 
detenipne  its  value  exactly.  His  first  approximate  determination 
of  this  quantity  was  published  in  1843,  a  little  after  that  of  Mayer; 
his  best  set  of  experiments,  from  which  the  accepted  value  772  is 
deduced,  may  be  consulted  in  the  Philosophical  Transactions  for 
18^a 
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In  these  experimentiiy  tbe  beat  produced  hj  mutual  frictiofn  of 
the  particles  of  a  liquid  was  compared  with  the  mechanical  energy 
expended  in  producing  that  friction.  The  advantage  of  this  kind 
of  experiment  is,  that  the  liquid,  and  all  the  parts  of  the  apparatus, 
are  left  exactly  in  the  same  condition  at  the  end  of  the  experiment 
as  they  were  at  the  beginning;  so  that  it  is  certain,  that  no  per- 
manent effect  whatsoever  has  been  produced  by  the  mechanical 
energy  expended,  except  a  certain  quantity  of  heat,  which  is 
accurately  measured;  and,  therefore,  that  the  heat  so  produced  is 
the  exact  equivalent  of  the  mechanical  euei^  expended. 

In  all  other  cases  in  which  heat  is  produced  by  the  expenditure 
of  mechanical  energy,  or  mechanical  energy  by  the  expenditure  of 
heat,  some  other  change  is  produced  besides  that  which  is  princi- 
pally considered;  and  this  prevents  the  heat  and  the  mechanical 
eneigy  from  being  exactly  equivalent. 

The  following  are  the  values  of  Joule^s  equivalent  for  different 
thermometric  sodes,  and  in  French  and  British  units : — 

J. 
One  British  thermal  unit,  or  degree  of )    ^.  ^  -.    .  |, 

Fahrenheit  in  a  lb.  of  water, /    "^  ^^^^*^ 

One  Centigrade  degree  in  a  lb.  of  water,  1 389*6      „ 

(or  very  nearly  1390). 
One  French  thermal  unit,  or  Centi-1 
grade  degree  in  a  kilogramme  of  >  4a3'55  kilogramm^tres. 
water, j 


The  production  of  heat  by  friction  is  distinguished  from  its  pro- 
duction by  other  mechanical  means,  such  as  the  compression  of 
gases,  in  being  irreversible;  that  is  to  say,  it  is  impossible  to  make 
heat  produce  mechanical  energy  by  any  such  means  as  reversing  tits 
process  o/JricUon, 

237.  ]»7««*iic«i«xFrcMtoM«f  QMuMitftM^CMcAt. — ^All  quantities 
of  heat,  such  as  the  specific  heal  of  any  substance,  or  the  latent  heal 
corresponding  to  any  physical  effect,  or  any  other  of  the  quantities 
of  heat  treat^  of  in  C&iapters  I.  and  II.,  may  be  expressed  dynamy 
cdUy^  that  is,  in  units  of  work,  by  multiplying  their  values  in 
ordinary  units  of  heat  by  Joule's  equivalent.  Several  examples  of 
this  mode  of  expressing  quantities  of  heat,  which  is  by  far  the 
most  convenient  in  treating  of  thermodynamical  questions,  are 
given  in  the  tables  at  th^  end  of  this  volume.  The  following  are 
additional  examples : — 

Foot-lbs. 

Latent  heat  of  evaporation  of  1  lb.  of  water,  from  )      ^  ^  q,  ^ 
and  at  212^, ^.. /     745,8i2 

Total  heat  of  combustion  of  1  lb.  of  carbon, 11,194,000 
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238.  CtampUe  WLtiWwmmmtin  mf  the  Vint  I^iw. — In  fig.  91,  let 
abscisss,  measured  along,  or  parallel  to,  the  axis  O  X,  represent 
the  Yolumes  sucoessiYely  assumed  by  a  given 
mass  of  an  elastic  substance,  by  whose  alter- 
nate expansion  and  contraction  heat  is  made 
to  produce  mechanical  energy;  O  V^  and 
O  Yb  being  the  least  and  greatest  volumes 
which  the  substance  is  made  to  assume,  and 
O  V  any  intermediate  volume.  For  brevity's 
sake,  these  quantities  will  be  denoted  by  i;«, 
Vf,,  and  V,  respectively.  Then  v»  -  v,  may  re- 
present the  space  traversed  by  the  piston  of 
an  engine  during  a  single  stroka 

Let  ordinates,   measured  parallel  to  the  ^^'  ^^* 

axis  O  Y,  and  at  right  angles  to  O  X,  denote  the  expansive  pressures 
successively  exerted  by  the  substance  at  the  volumes  denoted  by 
the  abscissae.  During  the  increase  of  volume  from  v^  to  v^,  the 
pressure,  in  order  that  motive  power  may  be  produced,  must  be,  on 
the  whole,  greater  than  during  the  diminution  of  volume  from  v^  to 
v.;  so  that,  for  instance,  the  ordinates  YPj  and  YPj,  or  the 
symbols  p^  and  p^y  may  represent  the  pressures  corresponding  to  a 
given  volume  v,  during  the  expansion  and  contraction  of  the  sub- 
stance respectively. 

Then,  as  in  Article  43,  and.  fig.  17,  the  area  of  the  curvilinear 
figure,  or  indicator-diagrcvniy  A  P^  B  Pg  A,  will  represent  the  energy 
exerted  by  the  elastic  substance  on  the  piston  during  a  complete 
stroke,  or  cycle  of  changes  of  volume  of  the  elastic  substance.  The 
algebraical  expression  for  that  area  is 


J   V  a 


and  this,  in  virtue  of  the  first  law  of  thermodynamics,  represents 
also,  in  imits  of  work,  the  mechanical  equivcUerU  of  the  heat  which 
disappears  during  a  complete  forward  and  back  stroke  of  the 
piston;  that  is  to  say,  if  h^  represents  the  quantity  of  heat,  in 
common  thermal  units,  received  by  the  elastic  substance  during  one 
part  of  the  process  (such,  for  example,  as  the  heat  communicated 
to  a  certain  weight  of  water  in  a  boiler  in  order  to  produce  steam), 
and  ^2  ^6  quantity  of  heat  rejected  by  the  same  substance  during 
another  part  of  the  process  (such,  for  example,  as  the  heat  abstracted 
from  the  same  quantity  of  water  in  the  condenser  of  a  condensing 
engine,  or  by  the  air,  in  a  non-condensing  engine) ;  and  if  Hj  and 
Hj  are  the  same  quantities  of  heat  expressed  in  foot-pounds^  then, 
by  the  first  law. 
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J{h^-h^=:K,-^K^=f(p,-p,^dv (1.) 

239.  Thermal  lAmem. — ^A  line  drawn  on  a  diagram  of  energy, 
such  that  its  ordinates  represent  the  pressures  of  a  substance  cor- 
responding to  varioiis  volumes,  while  the  absolute  temperature  is 
maintain^  at  a  constant  value,  denoted,  for  example,  bv  r,  may  be 
called  the  iiothermal  line  of  r  for  the  given  substance  (see  fig.  92). 
Suppose,  for  instance,  that  the  co-ordiq^i^s  of  the  point  A,  v^  and 
p^  represent  respectively  a  volume  and  a  pressure  of  a  given  sub- 
stance, at  which  the  absolute  temperature  is  r ;  and  the  co-ordinates 
of  the  point  B,  viz.,  v^  and  pt,  another  volume  and  pressure  at  which 
the  absolute  temperature  is  the  same ;  then  are  the  points  A  and  B 
situated  on  the  same  isothermal  line  T  T. 

On  the  other  hand,  let  the  sub- 
stance be  allowed  to  expand  fitom 
the  volume  and  pressure  v^  p^,  with- 
out receiving  or  emitting  heat;  and 
when  it  reaches  a  certain  volume, 
v„  let  the  pressure  be  represented 
^7  Pet  "which  is  less  than  the  pres- 
sure would  have  been  had  the  tem- 
perature been  maintained  constant, 
because,  by  expansion,  heat  is  made 
to  disappear.  Then  0  will  be  a 
point  on  a  certain  curve  N  N  pass- 
^*     *  ing  through  A,  which  may  be  <»dled 

a  curve  of  no  transTmssion,  or  adwUxUic  curve. 

It  is  to  be  understood  that,  during  the  process  last  described, 
the  mechanical  energy  exerted  during  the  expansion,  and  which  is 
represented  by  the  area  A  C  V©  V^  is  entirely  communicated  to  an 
external  body,  such  as  a  piston ;  for  if  any  part  of  it  were  expended 
in  agitating  the  particles  of  the  expanding  substance,  a  portion  of 
heat  would  be  reproduced  by  fiiction. 

If  o  o  o  be  a  curve  whose  ordinates  represent  the  pressures  corre- 
sponding to  various  volxmies  when  the  substance  is  absolutely 
destitute  of  heat,  then  this  curve,  which  may  be  called  the  line 
of  absolute  cold,  is  at  6nce  an  isothermal  curve  and  an  adiabatic 
curve. 

Bo  £Eur  as  we  yet  know,  the  line  of  absolute  cold,  for  all  sub- 
stances for  which  it  has  been  ascertained,  is  an  asymptote  to  all 
the  other  isothermal  ciuves  and  curves  of  no  transmission,  which 
approadi  it  and  each  other  indefinitely  as  the  volume  of  the 
substance  increases  without  limit;  and  it  coincides  sensibly  with 
the  straight  line  O  X ;  that  is  to  say,  a  substance  wholly  destitute 
of  heat  exerts  no  expansive  pressure. 
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The  following  property  of  adiabatio  curves,  in  connection  "witli 
'the  first  law  of  thermodynamics,  is  the  foundation  of  many  useful 
propositions.  (It  was  first  demonstrated  in  the  FhUotoj^ical 
Transactions  for  1854.) 

Theobsm.  The  mecluxmcal  eqmvalent  of  the  heat  absorbed  or 
given  out  by  a  substcmce  in  passing  from  one  given  state  as  to  pres- 
8wre  and  vokume  to  another  given  state,  through  a  series  of  states 
rqtresented  by  the  co-ordinates  of  a  given  curve  on  a  diagram  of 
energy,  is  represented  by  tKe  a/rea  included  between  the  given  curve 
and  two  curves  of  no  transmission  of  heat  drawn  from  its  extremities, 
and  indefinitely  prolonged  in  the  direction  representing  increase  of 
volume. 

(Demonstration)  (see  ^.  93).  Let  the  co-ordinates  of  any  two 
points,  A  and  B,  represent  respectively  the  volumes  and  pressures 
of  the  substance  in  any 
two  conditions;  and  let 
a  curve  of  any  figure, 
A  C  B,  represent  by  the 
co-ordinates  of  its  points, 
an  arbitrary  succession 
of  volumes  and  pressures 
through  which  the  sub- 
stance is  made  to  pass, 
in  changing  from  the  con- 
dition A  to  the  condition 
B.  From  the  points  A  and  B  respectively,  let  two  adiabatio 
curves  A  M,  B  N,  extend  indefinitely  towards  X ;  then  the  area 
referred  to  in  the  enunciation  is  that  contained  between  the  given 
arbitrary  curve  A  C  B  and  the  two  indefinitely  prolonged  adiabatio 
curves;  areas  above  the  curve  A  M  being  considered  as  represent- 
ing heat  absorbed  by  the  substance,  and  those  below,  hecUi  given 
out. 

To  fix  the  ideas,  let  us  in  the  first  place  suppose  the  area 
M  A  C  B  N  to  be  situated  above  A  M.  After  the  substance  has 
reached  the  state  B,  let  it  be  expanded  according  to  the  adiabatio 
curve  B  N,  until  its  volume  and  pressure  are  represented  by  the 
co-ordinates  of  the  point  I^.  Next,  let  the  volume  Vj,  be  maintained 
constant,  while  heat  is  abstracted  until  the  pressure  falls  so  as  to  be 
represented  by  the  ordinate  of  the  point  D,  situated  on  the  curve  of 
no  transmission  A  M.  Finally,  let  the  substance  be  compressed, 
according  to  this  curve  of  no  transmission,  imtil  it  recovers  its 
primitive  condition  A,  Then  the  area  A  C  B  D'  D  A,  which  re- 
presents the  whole  energy  exerted  by  the  substance  on  a  piston 
during  one  cyde  of  operations,  represents  also  the  heat  which  dis- 
appears; that  is,  the  difference  between  the  heat  absorbed  by  the 
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substance  during  tbe  change  from  A  to  B,  and  the  heat  emitted 
during  the  change  from  ly  to  D;  for  if  this  were  not  so,  the  cyde 
of  operations  would  alter  the  amount  of  energy  in  the  universe, 
•which,  is  impossible. 

The  further  the  ordinate  Y,^  D  D'  is  removed  in  the  direction  of 
Xy  the  smaller  does  the  heat  emitted  during  the  change  from  D'  to 
D  become;  and  oonsequentlj,  the  more  nearly  does  the  area 
A  C  B  D'  D  A  approximate  to  the  equivalent  of  the  heat  absorbed 
during  the  change  from  A  to  B;  to  which,  therefore,  the  area  of 
the  indefinitely  prolonged  diagram  M  A  0  B  N  is  exactly  equaL 
— Q.E.D. 

It  is  eacfy  to  see  how  a  similar  demonstration  oo\ild  have  been 
applied,  muiaiis  mutcmdis,  had  the  area  lain  below  the  curve  A  M. 
It  is  evident  also,  that  when  this  area  lies,  part  above  and  part 
below  the  line  A  M,  the  difference  between  those  two  parts  repre- 
sents the  difference  between  the  heat  absorbed  and  the  heat  emitted 
during  different  parts  of  the  operation. 

Ck)B0LLABY. — The  differeTice  between  the  whole  heat  abearhed,  and 
the  whole  expamswe  energy  exerted,  during  the  operation  represented 
by  any  cwrve,  such  as  ACB,  an  a  -diagram  of  e>nergy,  depends  on 
the  initial  and  Jmal  conditions  of  the  substance  alone,  and  not  on  the 
irUermediate  process, 

(Demonstration.)  In  ^g.  93,  draw  the  ordinates  AVj^  BVb, 
parallel  to  O  Y.  Then  the  area  V^^  A  C  B  Y^  represents  the 
energy  exerted  in  a  piston  during  the  operation  A  C  B;  and  it  is 
evident  that  the  difference  between  this  area  and  the  indefinitely 
prolonged  area  M  A  C  B  N,  which  represents  the  heat  received  by 
the  substance,  depends  simply  on  the  positions  of  the  points  A  and 
B,  which  denote  the  initial  and  final  conditions  of  the  substance  as 
CO  volume  and  pressure,  and  not  on  the  form  of  the  curve  A  C  B, 
which  represents  the  intermediate  process. — ^Q.£.D. 

To  express  this  result  s3rmboliaLlly,  it  is  to  be  considered,  that 
bhe  excess  of  the  heat  or  actual  energy  received  by  the  substance 
above  the  expansive  power  or  potential  energy  given  out  and 
exerted  on  an  external  body,  such  as  a  piston,  in  passing  fiK)m  the 
condition  A  to  the  condition  B,  is  equal  to  the  whole  energy  stored 
up  in  the  substance  during  this  operation,  which  consists  of  two 
parts,  viz. — 

Actual  energy ;  being  the  increase  of  the  actual  or  sensible  heat 
of  the  substance  in  passing  from  the  condition  A  to  the  condition 
B,  which  may  be  represented  by  this  expression, 

A-Q  =  Qb-Qa. 

Potential  energy;  being  the  power  which  is  stored  np  in  producing 
changes  of  molecular  arrangement  during  this  process;  and  which. 
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it  appears  from  the  theorem  just  proved,  must  be  represented,  like 
the  actual  energy,  hy  the  difference  between  a  function  of  the 
volume  and  pressure  corresponding  to  A,  and  the  analogous  func- 
tion of  the  volume  and  pressure  corresponding  to  B;  that  is  to  say^ 
by  an  expression  of  the  form 

A  S  =  Sb  -  S^ (1.) 

I^  H^B  =  areaMACBN 

represent  the  heat  received  by  the  substance  during  the  operation 
A  C  B,  and 

^''*|)dt?  =  areaV^ACBVB 

the  power  or  potential  energy  exerted  on  a  piston. 

Then  the  theorem  of  this  Article  is  expressed  as  follows:— 

H^b-P|>^v  =  Qb-Qa+Sb-S^  =  AQ  +  AS.....(2.) 

J  r. 

being  a  form  of  the  general  equation  of  the  expansive  action  of 
heat,  in  which  the  potential  of  molecular  action,  S,  remains  to  be 
determined. 

240.  T«iai  Actnal  Seal. — ^Let  a  substance,  by  the  expenditure 
of  energy  in  friction,  be  brought  from  a  condition  of  total  privation 
of  heat  to  any  particular  condition  as  to  heat.  Then,  if  &om  the 
total  energy  so  expended,  there  is  subtractedr— first,  the  mechanical 
work  performed  by  the  action  of  the  substance  on  external  bodies, 
through  changes  of  its  volume  and  figure,  during  such  heating; 
secondly,  the  mechanical  work  due  to  mutual  actions  between  the 
particles  of  the  substance  itself  during  such  heating;  the  remainder 
will  represent  the  energy  which  is  employed  in  mwcmg  ike  svhstcmce 
hot,  and  which  might  be  made  to  reappear  as  ordinary  mechanical 
energy,  if  it  were  possible  to  reduce  the  substance  to  a  state  of 
total  privation  of  heat  This  remainder  is  the  quantity  called  the 
total  actval  heat  of  the  substance;  being  the  total  energy,  or 
capacity  for  performing  work,  which  the  substance  possesses  in 
virtus  of  being  hot  It  is  not  directly  measurable;  but  its  value 
may  be  computed  from  known  quantities,  by  means  to  be  after- 
wards explained.  When  a  homogeneous  substance  is  unil'ormly 
hot,  every  particle  of  it  is  equally  hot;  and  every  particle  is  hot  in 
virtue  of  a  condition  of  its  own,  and  independently  of  forces  exerted 
between  it  and  other  particles.  These  are  fSsu3ts  known  by  experi- 
ence; and  they  lead  to  the  following  consequence : — that  when  the 
total  actual  heat  of  a  homogeneous  and  uniformly  hot  substance  is 
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considered  as  a  quantity  made  up  of  any  number  of  equal  parts,  all 

those  equal  parts  are  similarly  circumstanced ;  and  hence  follows — 

241.   The  Secendl  Iaw  •€  Th9rmm^tTmmmat€m.^I/  the  toUU  octuol 

heat  of  a  homogeneous  and  uniformly  hot  substance  be  ooncewed  to  be 
divided  into  amy  number  of  equal  parts,  the  effects  of  those  parts  in 
causing  vxyrk  to  be  performed  are  equal. — This  law  may  be  con- 
sidered as  a  particular  case  of  a  general  law  applicable  to  every 
kind  of  actual  energy;  that  is,  capacity  for  performing  work,  con- 
stituted by  a  certain  condition  of  each  partide  of  a  substance,  how 
small  soever,  independently  of  the  presence  of  other  particles  (such 
as  the  energy  of  motion).  The  symbolical  expression  of  tiie  second  . 
law  of  thermodvnamics  is  as  follows : — Let  unity  of  weight  of  a 
homogeneous  substance,  possessing  the  actual  heat  Q,  xmdeigo  any 
indefinitely  small  change,  so  as  to  perform  the  indefinitely  small 
amount  of  work  dJJ.  It  is  required  to  find  how  much  of  Hum 
work  is  performed  by  the  disi^pearance  of  heat  Oonodve  Q  to  be 
divided  into  an  indefinite  number  of  indefinitely  small  equal  parts, 
each  of  which  is  2  Q.  Each  of  those  parts  will  cause  to  be  per- 
formed the  quantity  of  work  represented  by 

consequently  the  quantity  of  work  performed  by  the  disappearance 
of  heat  will  be 

Q-^'^'^' •••••<i> 

which  quantity  is  known  when  Q,  and  the  law  of  variation  of  «^  17 
with  Q,  are  known. 

242.  Ah9^mim    Tespenunre— AiiecMe   Heat,  Bcia  «■«  A»mmh> 

'^Temperature  is  a  function  depending  on  the  tendency  of  bodies  to 
communicate  the  condition  of  heat  to  each  other.  Two  bodies  are 
at  equal  temperatures,  when  the  tendencies  of  each  to  make  the 
other  hotter  are  equaL  All  substances  absolutely  devoid  of  heat 
are  at  the  same  temperature.  Let  this  be  called  the  absolute  xero 
of  heat;  and  let  the  scale  of  temperature  be  so  graduated,  that  for 
a  given  homogeneous  substance,  each  degree  shaJl  correspond  to  an 
equal  increment  of  actual  heat*    This  mode  of  graduation  neces- 

*  The  mode  of  gradnatSon  above  dwciibed  leads  to  a  ^^fnamioal  scale  of  abaolote 
««inperatares.  In  Article  201,  a  scale  of  absolute  temperatures  is  described,  (bunded 
npon  tlia  elasticity  of  a  perfect  gas.  It  was  anticipated  some  years  ago,  by  certain 
theoretical  ac^  hypothetical  investigations,  that  the  scale  of  the  perfect  gas  thermo- 
meter would  be  fbxiu^  to  agree  with  the  dynamical  abeolate  thermometrlo  soale,  as  to 
the  length  of  its  degrees;  and  also  that  the  zeros  of  those  scales  woaM  be  found  to  be 
near  each  other,  if  not  coincident.  Throughout  many  of  the  papers  referred  to,  the 
fiirmals  were  so  ihuned  as  to  contafai  unknown  terms,  suited  to  provide  for  the  possi- 
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sarily  leads  to  the  same  scale  of  temperature  for  all  substances. 
For  if  two  substances  A  and  B  be  at  equal  temperatures  when  they 
possess  respectively  two  certain  quantities  of  actual  heat  Q^  and  Qg, 
then  if  each  of  those  quantities  of  actual  heat  be  divided  into  the 
same  number  of  equal  parts  n,  the  tendency  of  the  substance  A  to 
communicate  heat  to  B,  arising  from  any  one  of  the  nth  parts  of 
Qi,  must,  from  the  property  of  actual  heat  already  mentioned,  be 
equal  to  the  tendency  of  B  to  communicate  heat  to  A,  arising  from 
any  one  of  the  nth  parts  of  Qd;  from  which  it  follows,  that  so  long 
as  the  quantities  of  actual  heat  possessed  by  the  two  substances  are 
in  the  ratio  Q^  :  Qb,  their  temperatures  are  equal,  independently 
of  the  ahaohUe  amounts  of  those  quantities.  The  amount  of  actual 
heat,  expressed  in  units  of  work,  which  corresponds,  in  a  given 
substance,  to  one  degree  of  absolute  temperature,  is  the  real  dynamical 
specific  l^eat  of  that  substance,  and  is  a  constant  quantity  for  all 
temperatures.  The  total  quantity  of  mechanical  energy  required  to 
raise  the  temperature  of  unity  of  weight  of  a  substance  by  one 
degree,  generally  includes,  b^des  the  real  specific  heat,  work 
performed  in  overcoming  molecular  forces  and  external  pressures. 
This  is  the  apparent  dynamical  specific  heat;  and  may  be  constant 
or  variable.  Joule's  equivalent  is  the  apparent  dvnamical  specific 
heat  of  liquid  water  at  and  near  its  maximum  density;  and  it  is 
probably  equal  sensibly  to  the  real  speoific  heat  of  that  substance. 
The  real  specific  heat  of  each  substance  is  constant  at  all  densities, 
so  long  as  the  substance  retains  the  same  condition,  solid,  liquid,  or 
gaseous;  but  a  change  of  real  specific  heat,  sometimes  oonsiderabley 
often  accompanies  the  change  between  any  two  of  those  conditions. 
From  the  mutual  proportionality  of  actual  heat  and  absolute  tem- 
perature, there  follows — 

243.  The  SecMid  Iaw  of  Th«rai«4fMUiics,  expressed  vntii  refer* 
ence  to  absolute  temperature.  If  the  absolute  temperature  of  any 
wntformly  hot  substance  be  divided  into  a/ny  number  ofeqanl  parts, 
the  ^ects  qf  those  parts  in  causing  work  to  be  performed  are  equal. 
This  law  is  expressed  algebraically  as  follows : — from  the  relation 
between  absolute  temperature  (t),  and  actual  heat  (Q),  it  follows 
that 

''dr'^^dQ' 

consequently  the  expression  1,  for  the  work  performed  by  the  dis- 
appearance of  heat,  is  transformed  into 

bnity  of  a  sensible  difierence  between  those  zeros.  Bot  as  according  to  the  latest 
and  beet  experiments,  no  soch  appreciable  difference  has  been  found,  the  aero  and 
scale  of  the  perfect  gas  thermometer  may  be  treated  as  sensibly,  if  not  Exactly,  coin- 
cident with  the  dynamical  absolute  zero  and  absolute  thermometric  scale. 
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This  expression  is  applicable,  not  merely  to  homogeneous  8ub« 
stances,  but  to  heterogeneous  aggregates. 

When  the  expressions  1  of  Articles  241  and  243  are  negative, 
they  represent  heat  which  appears  in  consequence  of  the  ex- 
penditure of  mechanical  work  in  altering  the  condition  of  a 
substance. 

The  first  and  second  laws  virtually  comprise  the  whole  theory  of 
thermodynamics. 

244.  mtmmA  lAW,  Rcpr— Mta*  QraiMkleaUf. — ^ThEOREU.  In  fig. 
94,  26<  A,  Ao  M,  Bj  B,  N,  60  any  two  adiabatic  cu/rvea,  xndefiniidy 
extended  vn  the  direction  ojfX.^  interacted  in  the  points  A^,  Bj,  Aj,  B^ 
hy  two  isothermal  curves,  Q^  A^  B^  Q^,  Q,  A,  B^  Q^  tohtch  corre- 
spond to  two  absolute  temperatures,  r^  arid  r^  differtngby  the  quantity 

Tj  -  Tj  =  A  T. 

Then  the  quadrilateral  area.  A,  R  Bj  Aj,  hears  to  the  whole 
indefinitely  prolonged  area  M  A  B|  2i,  the  same  proportion  whicli 
the  difference  of  temperature  a  r  tears  to  tlie  whole  absolute  tempera- 
ture r;  or 


area  AiB^  Bj  Aj 
areaMAiBi'N 


At 


.(1.) 


(Demonstration.)    Draw  the  ordinates  Aj  V^i,  A,  V^  B^  Vm, 
~"        Suppose,  in  the  first  place,  that  ^  r  is  an  aliquot  part  of 

T,  obtained  by  dividing  the 


B,V 


^ 


Fig.  94, 


latter  quantity  by  an  in- 
teger n,  which  we  are  at 
liberty  to  increase  without 
limit. 

The  entire  indefinitely 
prolonged  area  M  Aj  B^  N 
represents  a  quantity  of 
heat  which  is  converted 
into  mechanical  enei^ 
during  the  expansion  of 
the  substance  from  V^i  to 


Vn,  in  consequence  of  the  continued  presence  of  the  absolute  tem- 
perature T^.  Mutatis  mutandis,  a  sinular  statement  may  be  made 
respecting  the  area  M  Aj  B^  N.  (By  increasing  without  limit  the 
number  n,  and  diminishing  a  r,  we  may  make  the  expansion  from 
V^  to  Vb,  as  nearly  as  we  please  an  identical  phenomenon  with 
the  expansion  from  Vai  to  V  m.)  The  quadrilateral  Aj  B,  ^  ^ 
represents  the  diminution  of  conversion   of  beat  to  mecl 


B,A, 

anical 


^V*-  * 
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energy,  which  results  from  the  abtftraction  of  any  one  whattfoever 
of  the  n  equal  parts  a  r  into  which  the  absolute  temperature  is 
supposed  to  be  divided,  and  it  therefore  represents  the  effect, 
in  conversion  of  heat  to  mechanical  energy,  of  the  presence  of 
any  one  of  those  parts.  And  as  all  those  pcurts  a  r  are  similar 
and  similarly  circumstanced,  the  effect  of  the  presence  of  the 
whole  absolute  temperature  r^  in  causing  conversion  of  heat  to 
mechanical  energy,  will  be  simply  the  sum  of  the  effects  of  all 
its  parts,  and  will  bear  the  same  ratio  to  the  effect  of  one  of  those 
parts  which  the  whole  absolute  temperature  bears  to  the  part 
Thus,  by  virtue  of  the  general  law  enunciated  below,  the  theorem 
is  proved  when  a  f  is  an  aliquot  part  of  t^;  but  a  r  is  either  an 
aliquot  part,  or  a  sum  of  aliquot  parts,  or  may  be  indefinitely 
approximated  to  by  a  series  of  aliquot  parts;  so  Uiat  the  theorem 
is  universally  true. — Q.  R  D. 

A  symbolical  expression  of  this  theorem  is  as  follows : — When 
the  absolute  temperature  t^,  at  any  eiven  volume,  is  varied  by  the 
indefinitely  small  quantity  Z  t,  let  ^e  pressure  vary  by  the  indefi- 

nitdy  smaU  quantity  ^  J  r;  then  the  awa  *f  the  quadrilateral 

A|  B^  Bg  A^  will  be  represented  by 


Bi 


J  v.dr 


and  consequently,  that  of  the  whole  figure  M  A^  B^  N,  or  the 

LATENT  HEAT  OF  EXPANSION  from  V^.i  tO  Vb.  „  at  Tp  by 


J  A. 


,  =  H,  =  .,r|£..; « 


a  result  substantiaUy  identical  with  that  expressed  in  equation  1  of 
Article  243,  when p  dv\&  put  for  d  XJ. 

The  demonstration  of  this  theorem  is  an  example  of  a  special 
application  of  the  following 

General  Law  of  the  Transformation  of  Energy. 

The  effect  of  the  presence  in  a  substance,  of  a  quaniity  of  achvaZ 
^^^^^gy^  *^  causing  transformcUion  of  energy,  is  the  sum  of  the  effects 
ofcUlits  parts; 

a  law  first  enunciated  in  a  paper  read  to  the  Philosophical  Society 
of  Glasgow  on  the  5th  of  January,  1853. 

245.  Of  Heat  P«tMiUato  umd  Thwm^04jmmmU  WmmeHmmm. — The 
second  law  of  thermodynamics  may  also  be  expressed  in  the  follow- 
ing form : — The  upork  performed  by  Uie  disappearance  of  heat  during 
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amy  tndefmitdy  small  vari€Uion  in  the  stcUe  of  a  gubsAanee^  is  expressed 
hy  the  product  of  the  absolute  temperature  into  the  variation  of  a  cer- 
tain function,  which  function  is  the  rate  of  variation  of  the  effective 
work  performed  with  temperature;  that  is  to  say,  make 

dTJ 

then  the  work  performed  bj  the  disappearance  of  heat  is 

rd¥ (1.) 

This  function  F  has  been  called  the  heat  potential  of  the  given 
mibstance  for  the  kind  of  work  under  consideration. 

Now  let  the  substance  both  perform  work  and  undergo  a  varia- 
tion of  absolute  temperature  d  r,  and  let  {t  denote  its  real  dynamical 
specific  heat.  The  whole  heat  which  it  must  receive  from  an 
external  source  of  heat,  to  produce  those  two  effects  simultaneously, 

Jdh^zdU^^dr  +  rdF^rd  0; (2.) 

in  which 

»  =  ft  •  hyp  log  r  +  £2 (3.) 

0  is  called  the  thermodynamic  function  of  the  substance  for  the 
kind  of  work  in  question;  and  in  some  papers,  the  heat-fa^ctor. 
The  equation  (2)  is  the  general  equation  of  thbrmodynamigs, 
which  we  shall  proceed,  in  the  sequel,  to  apply,  by  determining  the 
thermodynamic  function  for  each  particular  case. 

In  determining  that  function,  it  is  to  be  observed,  that  the  func- 
tion U,  representing  the  work  performed  by  the  kind  of  change 
under  contemplation,  is  first  to  be  investigated  as  if  the  temperature 
were  constant,  and  tiien  the  law  of  its  variation  with  absolute  tem- 
perature found. 

The  property  of  an  adiabatic  curve  is  expressed  by  rf  •  H  =  0 ; 
from  which  it  is  evident,  that  for  such  a  curve,  d0  =  O;  that  is  to 
BSkjyfor  a  given  adiabatic  curve,  the  tJiermodynamic  function  has  a 
constat  value,  proper  to  that  curve. 

In  ^.  94,  Article  244,  the  indefinitely  extended  area  between 
the  isothermal  curve  Q,,  Q^,  and  the  two  adiabatic  curves  Aj  M, 
Bj  N,  is  the  product  of  the  absolute  temperature  proper  to  the 
isothermal  curve  into  the  difference  between  the  thermodynamic 
functions  proper  to  the  adiabatic  curves. 

Section  2. — Expansive  Action  of  Heat  in  Fluids, 
246.  ci«Bcna  lAws  as  AppUcdi  f  Fiaids.  ^@^ii^  ^presenting 
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graphically  the  general  laws  of  thermodynamics,  the  illustrations 
already  employed  in  Ai*ticles  238,  239,  and  244,  have  been  taken 
£x>m  the  chaises  of  pressure  and  volume  of  fluids  as  affected  bj 
heat  It  is  to  be  borne  in  mind,  however,  that  the  general  laws 
are  applicable  to  the  relations  which  heat  bears  to  the  energy  ci  all 
kinds  of  elastic  forces,  as  well  as  to  the  simple  expansive  pressure 
exerted  by  fluids.  In  the  expi-ession  for  work  performed  against 
dome  external  Resistance/ 

dJJ  =sp  dv, 

dvy  instead  of  an  elementary  increase  of  the  volume  of  a  substance, 
solid  or  fluid,  may  represent  an  elementary  part  of  the  motion 
which  takes  place  amongst  its  particles,  as  it  returns  to  its  original 
figure  after  having  been  distorted,  and  jp,  the  force  with  which  it 
tends  to  recover  its  original  figure;  in  which  case,  v  may  still  be 
represented  by  the  abscissa,  and  p  by  the  ordinate  of  a  diagram  of 
energy,  and  |?  rf  t?  by  an  elementary  portion  of  the  area  of  that 
diagram. 

Inasmuch^  however,  as  all  known  heat  engines  perform  work  by 
means  of  the  changes  of  pressure  and  volume  of  fluids  alone,  it  is 
nnnecessary  in  this  treatise  to  do  more  than  to  refer  in  general 
terms  to  the  special  application  of  the  laws  of  thermodynamics  to 
the  elasticity  of  solids. 

In  the  present  section  will  be  considered  the  more  important  of 
their  special  applications  to  the  elasticity  of  fluids. 

Let  V  denote  the  volume  in  cubic  feet  occupied  by  a  given  mass 
of  any  fluid,  whether  liquid  or  gaseous,  enclosed  in  a  vessel  of 
variable  capacity  (such  as  a  cylinder  with  a  piston);  p  the  pressure, 
or  effort  to  expana,  which  the  fluid  exerts  against  the  interior  of 
the  vessel,  in  pounds  per  square  foot;  then,  as  in  Articles  6, 43,  &c., 
will  pdv  denote  the  external  work  in  foot-pounds  performed  by 

the  fluid  during  an  indefinitely  small  expansion  d  v,  and  I  pdv  the 

external  work  performed  during  any  finite  expansion,  the  relation 
between  p  and  v  being  fixed  by  the  circumstances  of  the  case.  To 
find  the  thermodynamic  function  for  the  expansion  of  a  fluid,  the 
pressure  piaiohe  expressed  in  the  form  of  a  function  of  the  volume 
v,  and  absolute  temperature  r,  and  the  general  value  of  the  integral 


Vz=zfpdv, 
that  T  is  const 

«.  =  k  •  hyp  log  r  +  /  ^  rf  mf.^S.?,98kl.) 


found  on  the  supposition  that  t  is  constant ;  then  the  thermody- 
namic function  will  be 
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The  second  term  of  this  expression  is  represented  graphically,  as 
in  fig.  94,  by  the  limiting  ratio  of  the  area  of  the  band  A^  B^  B^  A^ 
to  the  difference  between  the  absolute  temperatures  corresponcUng 
to  the  upper  and  lower  edges  of  that  band. 

Applying  the  thermodynamic  function  to  the  determination,  in 
foot-poxmds,  of  the  whole  quantity  of  heat  d  H,  which  must  be 
communicated  to  one  poxmd  of  the  fluid  in  order  to  produce 
simultaneously  the  indefinitely  small  variation  of  temperature  d  v, 
and  the  indefinitely  small  vaiiation  of  volume  dv,  we  find, 

=(''+'/:l5-")'"+'jf'"'> <-' 

which  is  the  general  equation  of  the  expansive  action  of  heat  in  a 
fluid. 

If  this  expression  be  analyzed,  it  is  found  to  consist  of  the  fol- 
lowing parts : — 

L  The  variation  of  the  actual  heat  of  unity  of  weight  of  the  fluid 

IL  The  heat  which  disappears  in  producing  work  by  mutual 
molecular  actions  depending  on  change  of  temperature  and  not  ou 
change  of  volume^ 


/: 


.dv'dr. 


The  lower  limit  of  this  integral  is  made  to  correspond  to  the 
state  of  indefinite  rarefaction;   that  is,  of  perfect  gas,  in  which 

those  actions  are  nulL     Let  D  =  -  be  the  density,  or  weight  of 

unity  of  volume  of  the  fluid;  then  we  have,  as  a  more  convenient 
form  of  the  integral, 

r  pa^^^f^'d^'dB (3.) 

J  ^  dr^  Jo    "pT 

III.  Tlie  latent  heat  of  expansion, — ^that  is,  heat  which  dis- 
appears in  performing  work,  partly  by  the  forcible  enlargement  of 
the  vessel  containing  the  fluid,  partly  by  mutual  molecular  actions 

depending  on  expansion^  t  -^^  d  v. 

The  heat,  expressed  in  units  of  work,  which  must  be  communi- 
cated to  unity  of  weight  of  a  fluid  to  prodifce  any  given  finite 
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changes  of  temperature  and  volume,  is  found  by  integrating  tho 
expression  2.  Now  that  expression  is  not  the  exact  diSeren^al  of 
any  function  of  the  temperature  and  volume;  consequently  its 
int^iral  does  not  depend  solely  on  the  initial  and  final  condition  of 
the  fluid  as  to  temperature  and  volume,  but  also  upon  the  mode  of 
intermediate  variation  of  those  quantities.  The  graphic  represen- 
tation of  that  integral  is  the  indefinitely  prolonged  area  M  A  C  B  N 
in  ^g.  93. 

247.  f  ■triaaic  Kmergf  •f  a  fimM< — ^Another  mode  of  analyzing 
the  expression  2  of  Article  246  is  as  follows : — 

I.  The  variation  of  actual  heat,  as  before,  kdr. 

IL  The  external  work  performed,  pdv,  represented  by  an  ele- 
mentary vertical  band  of  the  area  Va  A  C  B  Vb,  fig.  93. 

IIL  The  iaUerruU  work  performed  in  overcoming  molecular  forces, 
viz.: — 

Now  this  last  quantity  is  the  exact  difierential  of  a  function  of  the 
temperature  and  volume^  viz. : — 


-/;(.|f -,).„- 8 0.) 


A  given  value  of  S  expresses  the  work  required  to  overcome  mole- 
cular forces,  in  expanding  unity  of  weight  of  a  fluid  from  a  given 
state,  to  that  of  perfect  gas;  and  the  excess  of  the  actual  heat  of 
the  fluid  above  this  quantity,  or 

ftr-S, (lA.) 

is  the  xTUrinaic  energi/  of  the  fluid,  or  the  energy  which  it  is  capable 
of  exerting  against  a  piston,  in  changing  from  a  given  state  as  to 
temperature  and  volume,  to  a  state  of  total  privation  of  heat  and 
indefinite  expansion.  In  ^g,  93,  the  values  of  the  intrinsic  energy 
of  the  fluid  in  the  conditions  A  and  B  are  represented  respectively 
by  the  indefinitely  prolonged  areas  X  Va  A  M,  X  Vb  B  N.  The 
quantity  above  denoted  by  S  is  the  same  with  that  denoted  by  the 
same  i^mbol  in  Article  239.  Let  the  suffixes  a,  b,  denote  the 
states  of  the  fluid  at  the  beginning  and  end  of  any  given  series  of 
changes  of  temperature  and  volume,  and  H^, »,  the  supply  of  heat 
from  an  external  source  necessary  to  produce  those  changes,  ex- 
pressed in  foot-poimds;  then 

H^»-/^*i><?r=(kT-S)»-(kT-S).; (2.) 

digitized  by  VjOOQ 

that  is  to  say,  the  excess  of  the  IiecU  absorbed  above  Hie  extermt  tcork 
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perfoTTned  is  equal  to  ike  increase  of  the  intrinsic  energy;  so  that  this 
excess  depends  on  the  initial  and  final  states  only,  as  already  shovn 
in  Article  239. 

248.  Bjqprc— !•■  •f  tiM  ThcraMAjMUMle  FaactlMi  ta  T«raM  •ftbs 
TwperaiMti  umd  PNtMira. — Hie  Tolome  of  unity  of  weight  of  a 
fluid  V,  its  expansive  pressure  p,  and  its  ahsolute  temperatore  r, 
£drm  a  system  of  three  quantities,  oi  which,  when  any  two  are 
given,  thid  third  is  determined.  In  the  preceding  Articles,  the 
volume  and  temperature  are  taken  as  independent  variables,  and 
the  pressure  is  expressed  as  a  function  of  them.  In  some  investi- 
gations it  is  convenient  to  take  the  pressure  and  temperature  as  in- 
depend^t  va^bles,  the  volume  being  expressed  as  their  function, 
^iie  following  expression  of  the  thermodynamic  function  in  terms 
of  this  pair  of  independent  variables  is  taken  from  an  unpublished 
paper,  which  has  been  in  the  hands  of  the  Royal  Society  of  Edin- 
burgh since  1855  (see  their  Proceedings  for  1855,  p.  287).  Let  tq,  as 
before,  be  the  absolute  tempeiHture  of  melting  ice;  p^  v^,  the  pro- 
duct of  the  pressure  and  volume  of  unity  of  weight  of  the  fluid,  in 
the  perfectly  gaseous  state,  at  that  temperature  (of  which  quantity 
examples  are  given  in  Table  II.,  at  the  end  of  the  volume);  then 

By  the  aid  of  the  above  equation,  and  of  the  following  well  known 
theorem : — 


/pdv=  I  * vdp-k-  p^v^^p^i 


.(2.) 


all  the  equations  of  the  preceding  sections  are  easily  transformed. 
The  graphic  representation  of  the  quantity  denoted  by  the  second 

term  of  equation  1  is  of  the  fol- 
^  \  lowing  kind  (see  ^,  95) : — ^Let 

abscissse  measured  along  O  X 
represent  volumes  occupied  by 
one  pound  of  the  substance.  Let 
ordinates  parallel  to  O  T  repre- 
sent pressures  exerted  by  it  It 
is  required  to  find  the  second 
term  of  the  thermodynamic  func- 
tion for  the  condition  of  the 
substance  corresponding  to  the 
point  A^  on  the  diagram,  whose  co-ordinates  are  O  V^  =  t?,  and 
OP  =  Vj  Aj  =  p ;  the  absolute  temperature  being  t.  Let  A,  Tj  be 
the  isothermal  curve  of  t.  Then  the  indefinitely  extendea  area 
X  O  P  Aj  Tj  is  what  is  repi-esented  by 


^2^7 


Fig.  95. 
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flvdp. 


Let  Aj  T2  be  the  isothermal  curye  corresponding  to  the  absolute 
temperatnre  r ^  ^r^  and  cutting  A^ P  ||  O X  in  A^.  Then  the 
symbol 

"""'-     ,    i.ir.KAi;. 


f'/r,^' 


represents  the  limit  towards  which  the  quoti^at^  V  1  \'  l<'  P  S  I  1^  \'    i 
areaTgAgAiT^ 

A-  I    CALir()l{Ni.\ 

approximates,  when  A  r  is  indefinitely  diminis£^ds===^ 

By  using  the  form  of  the  thermodynamic  function  explained  in 
this  Article^  the  general  equation  of  the  expansive  action  of  heat  in 
a  fluid  is  made  to  take  the  following  form : — 

-"^r^P. (3.) 

a  form  which  is  convenient  in  cases  where  the  pressure  and  its 
mode  of  variation  are  amongst  the  primaiy  data  of  the  problem. 
It  will  be  shown  in  a  subsequent  Article,  that  the  constant  part 

of  the  co-efficient  of  d  t,  is  the  dyna/mical  specific  IiecU  o/ilie  Jluid, 
in  the  state  of  perfect  ffcts,  under  a  constant  pressure, 

249.   PvtocliMa  AippUcaltoM  •f  th«  Iaws  •€  the  BJcpwMir*  Actioa 

•TBlMt. — ^The  relation  between  the  temperature,  pressure,  and 
volume  of  one  pound  of  any  particular  substance  being  known  by 
experiment,  the  principles  of  the  preceding  Articles  serve  to  com- 
pute the  quantity  of  heat  which  will  be  absorbed  or  rejected  by  one 
pound  of  that  substance  under  given  circumstances;  and  conversely, 
in  some  cases  when  the  quantities  of  heat  absorbed  or  rejected 
under  given  circumstances  are  known  by  experiment,  the  same 
principles  serve  to  determine  I'elations  between  the  temperature, 
pressure,  and  density  of  the  substance.  The  chief  subjects  to  which 
the  principles  of  the  expansive  action  of  heat  are  applicable,  are 
the  following: — ^Eeal  and  apparent  specific  heat;  the  heating  and 
cooling  of  gases  and  vapours  by  compression  and  expansion;  the 
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velocity  of  sound  in  gases;  the  free  expansion  of  gases;  the  flow  of 
gases  through  orifices  and  pipes;  the  latent  and  total  heat  of  eva- 
poration of  fluids >  the  latent  heat  of  fusion;  the  efficiency  of 
thermodynamic  engines.  The  last  of  those  subjects  is  that  to  which 
this  treatise  specially  relates;  but  in  order  to  make  it  intelligible, 
it  is  necessary  in  the  first  place  to  give  a  summary  of  the  principles 
of  the  subjects  enumerated  before  it. 

250.  Rrsi  Mid  AnNwmtt  iipMiflc  HMA^These  terms  have  been 
explained  in  a  previous  Article.  The  symbolical  expression  for  the 
apparent  specific  heat  of  a  given  substance,  stated  in  units  of  work 
per  degree  of  temperature  in  imity  of  weight,  is  as  follows : — 

,  dU 

^        ^       dK  dp       j.^^      dr  (1.) 

dr  a  T  dr 

In  which  the  term  ft  is  the  real  specific  heat,  or  that  which  actually 
makes  the  substance  hotter,  being  a  constant  quantity;  while  the 
other  term  represents  the  heat  which  disappears  in  performing 
work,  internal  and  external,  for  each  degree  of  rise  of  temperature. 

The  co-efficients  -t —  and  d  r  ,    represent,  respectively    the 

dr 
complete  rates  of  variation  with  temperature  of  the  thermodyna- 
mic function  and  heat-potential,  under  the  circumstances  of  the 
particular  case.  With  respect  to  liquids  and  solids,  it  is  impossible 
to  regulate  artificially  the  mode  of  variation  of  the  thermodynamic 
function  to  an  extent  appreciable  in  practice.  For  substances  in 
these  states,  the  apparent  specific  heat  increases  with  rise  of  tem- 
perature at  a  rate  which  is  slow,  but  which  appears,  as  theory 
would  lead  us  to  expect,  to  be  connected  with  the  rate  of  expan- 
sion. For  gases,  the  mode  of  variation  of  the  thermodynamic 
function  wi&  temperature  may  be  regulated  artificially  in  an  arbi- 
trary manner,  so  as  to  vary  the  apparent  specific  heat  in  an  inde- 
finite number  of  ways.  It  is  customary,  however,  to  restrict  the 
term  "  Specific  heat "  in  speaking  of  gases,  to  two  partictilar  cases; 
that  in  which  the  volume  is  maintained  constant  during  the  varia- 
tion of  temperature,  and  that  in  which  the  pressure  is  maintained 
constant,  as  formerly  explained  in  Article  210.  The  specific  heat 
at  co7i8tant  volume,  is  expressed  as  follows,  in  units  of  work  per 
degree,  being  deduced  from  the  expression  for  the  thermodynamic 
function  in  Article  246,  equation  1 : — 

Jc.  =  K,  =  ft  +  r  /''    ^f  i^-e^ry'Go 
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For  a  tlieoretically  perfect  gas, 

K,  =  k. (2a.) 

The  specific  heat  under  constant  pressure^  deduced  from  the  expres- 
sion for  the  thermodynamic  function  in  Article  248,  equation  1, 
is  as  follows : — 

j„.K,.»+i^-,/;^«..,. w 

For  a  peif ect  gas, 

K,  =  fe  +  ^*, (3a.) 

being  simply  the  real  specific  heat  increased  by  the  work  performed 
by  unity  of  weight  of  the  gas  in  tmdergoing,  at  any  constant  pres- 
sure, the  expansion  corresponding  to  one  degree  of  rise  of  tempera- 
ture ;  a  quantity  of  work  which  is  constant  for  a  given  perfect  gas 

under  all  circumstances.  The  quantities  --r-^  and  -r-;^,  represent- 
ing the  deviation  of  the  laws  of  the  elasticity  of  actual  gases  from 
those  of  the  ideal  condition  of  perfect  gas,  are  so  small,  that  their 
effects  on  apparent  specific  heat,  though  calculable,  fall  within 
the  probable  limits  of  errors  of  observation  in  the  direct  experi- 
ments hitherto  made  on  the  specific  heat  of  the  more  common 
,  gases,  such  as  air  and  carbonic  acid.  Keferring,  therefore,  to  the 
detailed  papers  already  cited  in  the  Trans,  of  the  Royal  Society  of 
JSdinburgh,  vol.  xx.,  for  computations  of  the  effects  of  such  devia- 
tions, it  will  be  sufficient  for  practical  purposes  to  consider  the 
specific  heats  of  gases  as  represented  by  the  formulsd  2  a  and  3  a. 
The  specific  heats  of  gases,  as  expressed  in  the  customary  way,  by 
their  ratios  to  that  of  water,  are  found  by  dividing  the  quantities 
in  these  formuka  by  Joule's  equivalent  (J),  and  may  be  thus  ex- 
pressed : — 

c.^^;c,  =  -j^ (4.) 

Examples  of  specific  heat,  stated  in  both  ways,  are  given  in  Table 
IL,  at  the  end  of  the  volume.  Before  the  period  of  M.  Regnault's 
experiments  on  a  great  variety  of  gases  and  vapours,  published  in 
the  Comptes  Eendus  for  1853,  no  trustworthy  direct  experimental 
determination  of  the  specific  heat  of  any  gas  or  vapour  existed,  ex- 
cept an  approximate  determination  by  Mr.  Joule,  made  in  1852,  of 
the  specific  heat  of  air ;  for  the  results  formerly  relied  upon  have 
been  shown  to  be  erroneous.  In  one  of  the  papers  referred  to  in 
the  preceding  Article,  however  {Edinburgh  Transaciions,  1850),  the 
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dynamical  specific  heats  of  air  had  been  computed  fix)m  the  follow- 
ing data : — 

Po  Vq,  from  M.  Kegnault's  experiments  26214  foot-pounds.     Tq  « 
493<>-2  Fahrenheit 

•••  Ky  —  K^  — :;0_?  =  53*15  foot-pounds  per  degree  of  Fahren- 
heit ;  being  the  energy  exerted  by  one  pound  of  air  in  undergoing, 
at  a  constant  pressure,  the  expansion  coiresponding  to  one  degree 
of  ri^e  of  temperature,  and  the  mechanical  equivalent  of  the  latent 
heat  of  expaDsion  of  the  air  under  those  circumstances,  which 
(as  stated  in  Article  212)  is  0069  of  a  British  thermal  unit,  = 
53-15 
772" 

y  =  ^,  as  deduced  firom  the  velocity  of  sound  in  air,  assimied 

in  the  paper  referred  to  as  approximately  =  1*4 ;  but  a  more  exact 
value  is  1-408.     Consequently, 

K»  ■=  —^  •  2  =  Q.AQQ  =  130*3  foot-pounds  per  d^ree 

of  Fahrenheit. 

^^Povo^  _y      ^  ^3.j^  ^  l_m  ^  13Q.3  + 53.15  ^  ;i33.45 
To      y—  I  u*4Uo 

foot-pounds  per  d^ree  of  Fahrenheit  Henoe  is  deduced  the  fol- 
lowing ratio  of  the  specific  heat  of  air  under  constant  pressure  to 
that  of  water, 

c,  according  to  M.  Regnault's  experiments,  published  ) 

in  1853,.... /  Q'2379^ 

Difference, 0*0002 

*  In  the  calcnlation  published  in  1850,  y  was  assamed  =  1*4,  and  Cp  was  com>> 
poted  as  =  0'24;  but  the  calculation  just  given  being  founded  on  a  more  accnrate 
value  of  y,  is  of  course  to  be  preferred  as  a  test  of  the  dynamical  theory  of  heftt.  Mr. 
Joule's  approximate  determination  in  1852  was  0'28.  According  to  the  dynamical 
theory  of  heat,  the  apparent  specific  heat  of  a  gas  under  constant  pressure  is  sensibfy 
t^e  aame  at  cil  pressttres  and  tenmeraturet,  if  the  gas  is  nearly  perfect  According 
to  the  hypothesis  of  substantial  caloric^  that  specific  heat  diminishes  as  the  pressttre 
mcreasesy  according  to  a  law  which  is  stated  in  many  treatises  on  physios,  even  of  the 
most  recent  dates  (in  some,  indeed,  as  confidently  as  if  it  were  an  observed  fact).  The 
experiments  of  M.  Renault,  by  which  the  specific  heat  of  air  under  constant  pressure 
was  determined  at  various  temperatures  from~22**  Fahr.  up  to  487^  Fahr.,  and  at 
various  pressures  of  from  one  to  ten  atmospheres,  and  found  to  be  sensibly  the  same 
under  all  these  circumstances,  constitute  ^*  ezperimenta  crucis  **  conclusive  against 
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251.  Heating  and  Cooling  of  Gmc*  Mid  Tapoan  hj  CawproMlam 
■d  EzpanaioB.— If  a  substance  wholly  or  partially  in  the  state  of 
gas  or  vapour  be  enclosed  in  a  vessel  which  does  not  conduct  any 
appreciable  amount  of  heat  to  or  from  the  substance,  then  the  com- 
pression and  expansion  of  the  substance  through  vaiiations  of  the 
volume  of  the  vessel  will  produce  respectively  heating  and  cooling, 
according  to  a  law  expressed  by  the  condition,  that  the  thermo- 
dynamic /unction  is  constant. 

The  following  equations  contain  two  modes  of  expressing  this 
condition,  deduced  from  the  expressions  in  Articles  2i6  and  248 
respectively : — 

/v  d  p 
~i-  dv  =  constant, (1.) 

(  fc  +  P2lo\  hyp  log  r—  f^~^?^dp  =^  constant,...(2.) 

and  each  of  those  is  the  equation  of  an  adiabatic  curve, 
Por  a  perfect  gas,  we  have 


^  =  ^«j  and^=ej^; (3.) 

a  T        Tot?  dr        r^p  ^    ' 


hence  let  p^^  v^  correspond  to  one  given  absolute  temperature  t^, 
and  P2  ^2  to  another  given  absolute  temperature  r^ ;  then  for  a  per* 
feet  gai<,  or  a  gas  sensibly  perfect, 


....(4.) 


^1 

These  equations  give,  for  the  law  of  expansion  of  a  perfect  gas, 
without  receiving  or  emitting  heat,  the  following  relation  between 
the  pi'easure  and  the  volume, 

i**:^' (^•) 

and  this  is  the  simplest  form  of  the  equation  of  an  adiabatic  curve 
for  a  perfect  gas.  The  values  of  the  several  exponents  in  equations 
4  and  5  for  aib  are, 

that  "  idolon  fori,"  the  hypothesis  of  caloric.  Those  experiments  also  aflTord  evidence 
of  the  fact,  that  the  scale  of  the  air  thermometer  sensibly  agrees  with^at  of  absolate 
temperatures*  igitized  by  VjOOQLC 
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Eor  STEAM  in  the  perfectly  gaseous  state,  taking  (as  in  Article 
202,  equation  4),  p^  ««  =  42141,  and  according  to  M.  K^;naalt*s 
experiments,  K,  =  772  x  048  =  371,  we  find, 

7=1-3;  y  — 1  =  03; 
1 

1  y  — 1 

y  =  o*77;  -^^  =  0-23. 

In  the  experiments  of  MM.  Him  and  Cazin,  the  value  of  y  -r  > 
—  1  lunged  from  4-23  to  4*47.  {Annales  d^  G/dmie,  1867,  vol.  x.) 
These  values,  however,  are  not  so  certain  as  those  of  the  corre- 
sponding quantities  for  air.  From  equation  1  is  easily  deduced  the 
law  of  tiie  variation  of  the  pressure  with  the  volxime  of  any  fluid, 
whether  perfectly  gaseous  or  not,  enclosed  in  a  non-conducting 
vessel,  viz.  : — tJie  rate  of  variation  of  the  pressure  unth  the  volume 
when  the  fluid  is  enclosed  in  a  norirconducting  vessel,  exceeds  iJie  rate 
of  variation  wlien  the  temperature  is  constant,  in  tlie  ratio  of  the 
apparent  specidc  heat  of  the  fluid  at  constant  pressure  to  its  apparent 
sp&^fic  heat  at  constant  volume : — a  law  expressed  symbolically  as 
follows : — 

dp 

^=-y'  ^ (6.) 

d  •  V  dv  ^   * 

dT 


Digitized 
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For  a  perfect  gas  this  becomes, 

dp  .p 

as  equation  5  also  shows.  The  cooliDg  of  air  I  j  expansion  has 
been  applied  to  practical  purposes  by  Dr.  €k>rrie,  Professor  Piazzi 
Smyth,  Mr.  Elirk,  and  other  inventors. 

252.  Telocity  mf  Sonnd  In  cteM^* — ^The  Ycloci^  of  Boond  in  anj 
fluid  is  well  Imown  to  be  equal  to  that  acquired  by  a  heavy  body 
in  £Etlling  through  one-half  of  the  height  which  represents  the  varia- 
tion of  the  pressure  of  the  fluid  with  its  density  during  a  sudden 
change  of  density.  That  is  to  say,  let  a  be  the  velocity  of  sound 
in  feet  per  second,  g  the  accelerating  force  of  gravity  in  a  second 
=  32'2  feet  per  second,  D  the  weight  of  one  cubic  foot  of  the  fluid 

in  pounds  =      ,  and  p  its  elastic  pressure  in  pounds  per  square 

foot,  then 


=  \/'- 


7D <^> 


During  the  ti-ansmission  of  a  wave  of  sound,  the  compression  and 
expansion  of  the  particles  of  a  fluid  take  place  so  rapidly,  that  thera 
is  not  time  for  any  appreciable  transmission  of  heat  between  dif- 
ferent particles,t  and  the  variations  of  the  pressure  and  density  are 
related  to  each  other  as  they  would  be  in  a  non-conducting  vessel; 
consequently,  if  h  represents  the  rate  of  variation  of  pressure  with 
density  at  a  constant  temperature,  then  it  follows  from  the  principle 

d  v 
of  equation  6,  Art  251,  that  j^  =  y^  and 

a  =  JT71 (2.) 

This  equation  was  proved  long  ago  by  Laplace  and  Poisson,  for 
perfect  gases,  for  which 

h=pv=P!^-r (3.) 

but  it  is  true,  as  we  have  seen,  for  all  fluids  whatsoever. 

Applying  the  formula  to  air,  considered  as  a  sensibly  perfect  gas^ 
with  the  following  data: — 

*  In  this  Article  the  Mmods  are  supposed  to  be  of  moderate  intensity,  so  that  there  is 
DO  sensible  acceleration  of  the  soond  dne  to  the  canse  investigated  byMr.  Bamshawt 
•8  to  whidi  see  Proc  Roy.  Soc,  1869.  Digitized  by  GoOOle 

tPwred  by  Pwrf:G.&.  Stokes.  ^ 
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Feet 
The  following  is  found  to  be  the  v^ocity  of  sotmd  in    per  seoood. 
pure  dry  air  at  the  temperature  of  melting  ice, 1090*2 

The  velocily  hy  experiment  is — 

Acoerding  to  MM.  Bravais  and  Martins, 1090*5 

According  to  MM.  Moll  and  Van  Beek,  .•...•••     1090*1 

Experiments  on  the  velocity  of  sound  serve  to  determine  the  ratio  y 
of  the  specific  heats  of  a  gas  at  constant  pressure  and  at  constant 
volume.  For  oxygen,  hydrogen,  and  carbonic  oxide,  it  is  sen- 
sibly the  same  as  for  air;  for  carbonic  add,  considerably  less. — 
(Edinhurgh  TranaacUons,  voL  xx.) 

253.  Fne  BzpMMlMi  mt  CNmm  aikl  rmprnwam, — ^When  the  expan- 
sion of  a  ga8  takes  effect,  not  by  enlarging  the  vessel  in  which  it 
IS  contained,  and  so  performing  work  on  external  bodies,  but  by 
propelling  iJie  gas  itself  from  a  space  in  which  it  is  at  a  higher 
pressure  p^  into  a  space  in  which  it  is  at  a  lower  pressure  p^^  a 
portion  of  energy  represented  by 


/; 


^'vdp 

Pi 


is  employed  wholly  in  agitating  the  particles  of  the  gas;  and  when 
the  agitation  so  product  has  entirely  subsided  through  the  mutual 
friction  of  those  particles,  an  equivalent  quantity  of  heat  is  developed, 
which  neutralizes  the  previous  cooling,  wholly  if  the  gas  is  perfect, 
partially  if  it  is  imperfect  The  equation  representing  the  result  of 
this  process  is  the  following : — 


f^Td(p=  [^v  dp (1.) 

•/  fi  J  Pi 


In  this  equation,  let  the  thermodynamic  ftmction  be  expressed  in 
terms  of  the  temperature  and  pressure,  as  in  Article  248,  and  let  K, 
be  put  for  its  own  value,  according  to  Article  250,  equation  3  ; 
then  we  have 

/>-^'=/:(4:-)^' « 

This  quantity  represents  the  amount  whereby  the  heat  reproduced 
by  friction  fells  short  of  that  which  disappears  during  the  expan- 
sion, and  for  a  perfect  gas  is  null.  The  phenomenon  here  in  ques- 
tion was  first  employed  by  Mr.  Joule,  and  Professor  William  Thom- 
son, jointly,  to  determine  experimentally  the  relation  between  the 
absolute  scale  of  temperature,  and  that  of  the  air  thermometer, 
which  had  previously  been  to  a  considerable  extent  a  matter  of 
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conjecture  and  hypothesis.  In  such  experiments  the  variation  of 
temperature  which  takes  place  is  very  small^  hence  we  may  put 
approximately 

^>^'=G^-o/r.^''^- <^) 

where  r  is  the  mean  of  ••^  and  r^  and 


is  the  final  cooling  effect  Let  T  represent  temperature  measured 
by  the  air  thermometer  on  the  ordinary  scale^  and  k  the  dynamical 
specific  heat  of  the  gas  under  constant  pressure  as  referred  to  this 
scale,  which  is  formed  by  multiplying  the  specific  heat  as  given  by 
M.  Regnault,  by  Joule's  equivalent.  Let  the  absolute  tempera- 
ture r  be  regarded  as  a  function  of  T, 

c=/(T) 

whose  form  is  to  be  ascertained.     Then  for  equation  3  we  may  put 

*'''=(fS-"-0/^^' w 

Each  experiment,  on  cooling  by  free  expansion,  gives  a  value  of  the 
cooling  effect  a  T,  corresponding  to  a  particular  pair  of  pressures 
;?!,  p^  The  relations  between  p,  v,  and  T,  are  given  by  formulaB, 
founded  on  M.  Regnault's  experiments  on  the  elasticity  of  gases, 
and  already  exemplified  in  Article  202,  equations  2  and  3.  Conse- 
quently from  each  experiment  on  free  expansion,  there  can  be  cal- 
culated the  value  of  '^  A.^  =  — j-J^>  for  a  particular  tCTip&. 


rature  T  on  the  air  thermometer.  This  function,  when  multiplied  by 
Joule's  equivalent,  is  called  "  Camot's  Function,"  being  a  function 
of  which  Camot  pointed  out  the  existence,  but  failed,  from  reasons 
stated  in  the  historical  sketch,  to  discover  the  form.  Those  experi- 
ments on  free  expansion,  so  far  as  they  have  yet  been  carried 
(having  been  made  on  air  and  carbonic  add),  indicate,  that  the 
absolute  aero  of  heat  does  not  appreciably  differ  from  that  of 
gaseous  tension,  and  that  the  scale  of  absolute  temperature  sen- 
sibly coincides  with  that  of  the  perfect  gas  thermometer.  {Phil, 
Trcms,,  1854.)  This  fact  having  been  established,  experiments  on 
fr<ee  expansion  become  an  easy  and  accurate  means  of  ascertaining 
the  relations  between  the  pressures,  temperatures,  and  densities  of 
vaiious  elastic  fluids.    Experiments  on  the  free  expansion  of  steam 
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ftare  been  made  hj  Mr.  C.  W.  Siemens,  and  show  (as  theoiy  leads 
m  to  expect),  that  steam,  after  having  been  freely  expanded,  is 
9uperhecUed,  or  above  the  temperature  of  saturation  corresponding 
to  its  pressure. 

254.  Fi«w  mf  Guaem. — ^The  principles  of  the  flow  of  a  perfect  gaa 
Ihioagh  an  orifice,  as  deduced  from  the  laws  of  thermodynamics, 
were  investigated  in  1856  by  Messrs.  Thomson  and  Joule  (see  Proe, 
Roy.  Soe.,  IMuiy,  1856),  and  by  Professor  Julius  Weisbach  {CivUin- 
gemewTy  1856).  The  demonstration  of  those  principles  is  ^ven  in 
A  Manual  of  Applied  Mechanics,  Articles  637,  637  A.  For  the 
purposes  of  the  present  treatise,  it  is  imnecessary  to  give  more  than 
the  results. 

Let  the  pressure,  density,  and  absolute  temperature  of  a  gaa 

within  a  vessel  be  /?i,  — ,  Tj,  and  without  the  vessel,  p^,  — ,  ^2^ 

Let  O  be  the  area  of  an  orifice  through  which  the  gas  escapes 
from  the  vessel; 

k,  a  co-efficient  of  contraction,  or  of  ejffiux,  so  that  the  effective  area 
«f  the  orifice  is  A;  O ; 

V,  the  maximum  velocity  which  the  particles  of  the  gas  acquire 
m  escaping,  when  there  is  no  friction; 

W,  the  weight  of  the  gas  which  escapes  in  a  second;  then, 

w=^^=;fcov.-^i^  .  (pj)l (2.) 

^2  Po^ori     W  ^ 

The  value  of  the  co-efficient  of  efflux  k  has  been  found  experi- 
xnentally  by  Professor  "Weisbach,  for  air  with  various  forms  of 
outlet,  with  the  following  results : — 

Conoidal  mouthpieces,  of  the  form  of  the  con-  ]  k 

tracted  vein,  with  efiective  pressures  of  from  >  0*97  to  0*99 

•23  to  I'l  atmosphere, j 

Circular  orifices  in  thin  plates, 0*55  to  079 

Short  cylindrical  mouthpieces, 073  to  0-84 

The  same,  rounded  at  the  inner  end, 0*92  to  0-93 

Conical  converging  mouthpieces,  the  angle  of  1     . 

convergence  about  7°  9', j  ®'^®      ®*^^ 

For  values  of  y,  Sic,,  see  page  320.  As  to  the  outflow  of  saturated 
steam,  see  page  298. 

The  principles  of  the  flow  of  liquids  may  be  applied  without 
sensible  error,  to  gases  made  to  flow  by  small  differences  of  pree- 
nre,  as  in  the  case  of  the  draught  of  chimneys,  Article  233. 
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255.  MMum  HcM  m£  mrmpmwmtimm, — ^It  is  known  bj  experim€iil^ 
that  the  preesure  under  which  a  fluid  boils  at  a  given  temperatora 
(being  the  least  pressure  under  which  it  can  exist  in  the  liquid 
state,  and  the  greatest  under  which  it  can  exist  in  the  gaseous 
state,  at  the  given  temperature),  is  a  function  of  the  temperature 
only  (see  Article  206,  Division  UL,  page  237,  and  Tables  lY.,  Y., 
and  YL,  at  the  end  of  the  volume).  Let  v'  be  the  volume  occupied 
hy  one  pound  of  a  fluid,  when  in  the  liquid  state,  at  the  absolute 
temperature  r,  and  tmder  the  corresponding  pressure  of  ebullition  jd^ 
and  V  the  volume  of  the  same  weight  when  in  the  state  of  saturated 
vapour  at  the  same  pressure  and  temperature.  Then  on  applying 
equation  2,  of  Article  246,  to  this  case,  we  find  that  because  the 
temperature  is  constant,  the  first  term  is  =  0;  and  because  tha 

pressure  is  constant,  the  £etctor  r  -r^  of  the  second  term  is  constant; 

a  T 

so  that  the  integral  is 

H=r^^^(.-.'), (1.) 

which  is  the  value  in  units  of  work  of  the  heat  which  disappears  in 
evaporating  one  pound  of  the  fluid  at  the  given  temperature.    Now 

suppose  the  weight  of  fluid  evaporated,  to  be -^ ;  that  is  to  say, 

so  much  of  the  fluid,  that  its  increase  of  bidk  in  the  act  of  evapor- 
ating is  one  cubic  foot;  then 

L  =  -?-,  =  ,^ (2.) 

will  be  the  latent  heat  of  evaporation  in  foot-lbs,  per  cubic  foot  of 
space.  This  law  enables  us  to  compute  the  quantity  of  heat 
expended  in  propelling  a  piston  through  a  given  space,  by  means 
of  a  given  vapour  aA  jvll  pressure  and  at  any  temperature,  simply 
fix)m  the  relation  between  the  temperature  and  the  pressure  of 
ebullition,  and  without  knowing  the  density  of  the  vapour.  The 
rate  of  increase  of  the  pressure  of  ebullition  with  the  temperature, 

^,  may  be  computed  either  from  a  table  of  such  pressures  for  tha 

fluid  in  question  (such  as  those  given  by  M.  Begnault  in  the 
Memoires  and  Comptes  Rendus  of  the  Academy  of  Sciences),  or 
from  formulsB  of  the  following  form,  deduced  from  that  given  in 
Article  206,  Division  III.  :— 

^•^  ^"^  ^^  igtizedbyGoOQle 

(hyp  log  10  =  2-3026  nearly).  ^ 
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For  the  yalaes  of  B  and  C  for  oertain  fluids,  see  the  tible  in  page 
J37.    p  JBci  eourse  to  be  computed  in  Iba  on  the  mjumnfooL 

Tliis  was  the  formula  employed  in  computing  the  numbers  in  the 
cohimnii  headed  L  in  Tablet  lY.  and  Y.  «t  the  end  of  the  volume. 

— Aa  has  been  stated  in  Article  202,  and  in  Article  206,  DivialcHi 
IIL,  the  densities  of  yapours  are  bat  imperfect^  known  bj  direct 
experiment.  The  density  of  a  vapour  at  saturation  at  a  givai 
temperature  may  be  computed  indirectly  in  the  following  man- 
ner : — ^Let  L  be,  as  above,  the  latent  heat  per  cubic  foot,  and  H  the 
latent  heat  per  pound  of  the  fluid,  ascertained  by  experiments  (such 
as  those  of  M.  Itegnault  on  water,  and  of  Dr.  Andrews  on  other 
fluids).     Then 

^-^^  =  ? (1) 

is  the  increase  of  volume  of  one  pound  of  the  fluid  in  evaporating, 
from  which  the  density  of  the  vapour  is  easily  calculated  The 
densities,  thus  computed,  of  the  vapours  of  sether  and  sulphuret  of 
carbon,  a^  their  boiling  points  under  the  mean  atmospheric  pressure 
(2116*3  lb.  per  square  foot)  agree  almost  exactly  with  those  com- 
puted from  the  chemical  composition  of  those  vapours,  supposing 
them  to  be  perfectly  gaseous.  The  densities  of  the  vapours  of  water 
and  alcohol  as  computed  from  their  latent  heats  of  evi^)oration, 
are  greater  than  those  corresponding  to  the  perfectly  gaseous  state. 
Por  steam  at  low  pressures  the  difierence  is  trifling,  but  increases 
rapidly  as  the  pressure  increases.    (JProc  Roy,  Soc,  Edtn,,  1855.) 

BwaimpU, —  /»»  2116*3  (one  atmosphere). 

iEUMT.  BfeolfilL  of  Carbon.    Watar. 
Boiling  points  (ordinary  scale),       95"*  114^  312'' 

Weight  of  <me  cubic  foot  of 

vapour — 
Calculated  from  latent  heat,...  0*1853 1^-  0*1829 lb.  0*03790  lU 

'^tl^*r5SLr.!!"!}-^«56  0.830  0.03679 

Difierences, 0*0003        0*0001        0*00111 

The  quantities,  in  the  column  headed  D,  in  Table  lY.,  are  the 
values  of ;•,  as  calculated  by  this  method.      They  agree  so 

nearly  with  the  values  of  -,  that  the  difierence,  though  capable  of 
being  computed,  is  unimportant  in  practice.     In  Table  VL,  the 
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valaes  of  v  are  giyen  in  the  column  headed  Y.  (See  the  remarks 
on  those  tables  at  the  foot  of  page  231,  and  top  of  page  232.) 

257.  T«c«l  Heat  •f  BraipMAtieM. — ^The  total  heat  of  evaporation  of 
unily  of  weight  of  a  fluid,  ^rom  one  temperature,  cU  anOtJier  tempe- 
rature, is  the  quantity  of  heat  required  to  raise  the  temperature  of 
unity  of  weight  of  the  fluid  from  the  first  temperature  to  the  second, 
and  then  to  evaporate  it  at  the  second  temperature.  Some  fixed 
temperature,  such  as  that  of  melting  ice,  is  usually  taken  for  the 
first  temperature.  It  is  deducible  frt)m  equation  3,  of  Art.  248, 
that  the  total  heat  of  evaporation  of  one  pound  of  a  fluid,  whose 
vapour  is  sensibly  a  perfect  gas,  and  very  bulky  as  compared  with 
the  Mqmdjjrom  ^q,  at  r^,  is  sensibly  equal  to 

B^  +  B;(r,-r,) (1.) 

In  which  Hq  is  latent  heat  of  evaporation,  in  foot-pounds,  of  the 
fluid  at  the  temperature  r^  and  K,  is  the  dynamical  q^edfio  heat 
of  its  gas  under  constant  pressure.  This  equation  is  demonstrated 
by  a  difierent  process  in  the  Edinbv/rgh  Trcmaactiona  for  1850, 
voL  XX.  The  demonstration  of  a  principle  which  includes  it  will 
be  given  in  the  next  Article.  Steam  is  not  a  perfect  gas ;  and  its 
totaJ  heat  of  evaporation,  as  ascertained  by  experiment,  is  expressed 
in  foot-pounds,  by  multiplying  equation  2  of  Article  215,  by  Joule's 
equivalent^  as  follows : — 

H,  +  a(c,-r„); (2.) 

in  which  a  is  a  certain  constant,  less  than  the  specific  heat  under 
constant  pressure,  K^  According  to  M.  Begnault's  experiments, 
let  r^  be  uie  absolute  temperature  of  melting  ice  j  then 

Ho  =  842872  pounds. 

a    =  235  foot-pounds  per  degree  of  Fahrenheit* 

It  is  by  means  of  equation  2,  that  the  quantities  in  the  column 
headed  H,  in  Table  YI.,  at  the  end  of  the  volume,  were  com- 
puted. 

258.  T«c«i  HcM  df  Ooaeiicaitoa.— The  law  of  the  total  heat  of 
gasefication  has  been  already  stated  in  Article  215  b  (or  216,  as  it 
ought  to  have  been  numbered).  It  may  be  demonstrated,  either 
by  tiie  aid  of  the  form  of  the  thermodynamic  frinction  given  in 
Article  248,  or  by  a  direct  process. 

Th.%  first  method  of  demonstration  is  as  follows  :— 

*  The  fbrm  of  equation  2  was  h\'pothetica]ly  anticipated  by/Hie^IaUL^  John 
Lubbock  in  1840.  ^^igitizedb^V -r^r\^n^ 
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Let  Ky  s  k  +  - -^  be  the  dyncmUcal  specific  heat  under  constant 

pressure,  of  a  given  sabstance  in  the  state  of  perfect  gas. 

Let  Tq  be  a  temperature  so  low,  that  the  saturated  vapour  of  the 
substance  is  sensibly  a  perfect  gas  at  that  temperature.  (This,  for 
example,  is  the  case  for  water  at  32^  Fahr.) 

Let  p^  be  a  constant  pressure  to  which  the  substance  is  sub* 
jected; 

Let  T^  be  a  temperature  so  high,  that  at  that  temperature,  and 
under  the  pressure  p^^  the  substance  is  sensibly  a  perfect  gas; 

Let  the  substance,  by  communicating  heat  to  it,  be  brought  from 
a  condition  of  great  density,  whether  in  the  liquid  or  solid  state,  at 
T0,  to  the  peifectly  gaseous  condition  at  T^ ;  under  the  constant 

pressure /?2> 

The  volume  in  the  denser  condition  must  be  supposed  to  be  inap- 
preciable, when  compared  with  that  in  the  gaseous  condition. 

The  thermodynamic  function,  as  given  in  Article  248,  in  terms  of 
the  absolute  temperature  and  the  pressure  as  independent  variables, 
is 

^-Kphyplogr-J^^e^p (1.) 

.  The  heat  absorbed  by  the  substance,  during  any  indefinitely 
small  change  of  temperature  d  r  and  of  pressure  dp,  is 

dn  =  -d(P  =  r(^^yr+^^dp\ (2.) 

In  the  present  case,  the  pressure  is  constant;  and  therefore  the 
term  in  which  dpi&  b,  factor,  vanishes;  and  the  integration  to  be 
performed  is  as  follows : — 

=  K,(..-^-/-J^^..,. (3.) 

Now,  because  the  substance,  when  at  the  higher  limit  of  tempeia* 
ture  Tp  is  sensibly  a  perfect  gas,  the  co-efficient -r^  at  that  tempe- 
rature is  sensibly  =  0.  Therefore  the  value  of  the  second  term  of 
the  above  fonnula  does  not  sensibly  vary  with  the  higher  tempera- 
ture Tj,  and  is  sensibly  the  same  as  if  r^  were  =  tq.  N'ow  in  that 
case  we  should  have  ,^g,^^,  ,^  Google 
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Ho  being  the  laierU  heat  of  evaporcUion  (in  foot-poundfl),  of  one 
pound  of  the  substance  at  the  temperature  tqj  so  that,  for  equa- 
tion 3,  may  be  substituted  the  following : — 

J/*i  =  Hi=Hp +  KpOi-ro) 

'  =  j/*o  +  Jc,(T,-To) (4.) 

'which  is  the  law  formerly  stated,  when  applied  to  quantities  of 
heat  expressed  in  foot-pounds. 

The  secwid  method  of  demonstration  is  as  follows  :— 

In  fig.  96,  as  usual,  let  ab-     ^  "^ 

sdssse  parallel  to  O  X  repi-e- 

sent  the  volumes  in  cubic  feet  a] ^ 

assumed  by  one  pound  of  the 
substance  in  question,  when 
in  the  gaseous  state  (its  vo- 
lumes in  the  liquid  state  being 

neglected     as     inappreciable      

when  compared  with  its  vo-   ^  k 

lumes  in  the  gaseous  state),  ^' 

and  ordinates,  parallel  to  O  T,  its  pressures  in  pounds  on  the 
square  foot  Let  TT  be  the  isothermal  curve  for  the  vapour 
at  a  given  absolute  temperature  r^,  which,  as  the  vapour  is  peifectly 
gaseous,  is  a  common  hyperbola,  the  rectangles  of  its  co-ordinates, 
such  as  A  B  X  B  E,  I>~G  X  CT,  being  equal  for  every  point, 
and  represented  symbolicaUy  by 

pv:=f/i/  =Po  ^0  •  —  =  constant 

wherep  =  BEj  v  =  AB;p'  =  CF;  t;'=Da 

Let  H,  H'  denote  the  values  of  the  total  heat  of  gasefication 
under  the  pressures  p,  //  respectively,  for  the  same  limits  of  tem- 
perature, r^,  Tj. 

Then,  First,  The  total  heat  of  gasefication  is  independent  of  tlie 
preeeure:  that  is,  BE'  =  H. 

This  is  proved  as  follows.  Let  the  substance  undergo  the  fol- 
lowing cycle  of  operations  : — 

L  Gasefication  from  r^  to  r„  under  the  pressure  p.    In  this  case« 

The  heat  absorbed  is H 

The  energy  exerted  by  the  fluid  on  a  piston p  v 

IL  Expansion  at  the  constant  temperatiure  r^,  irom  the  volume 
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V  to  the  volume  t/.  In  this  case,  as  the  sabstance  is  perfectly 
gaseous,  the  heat  absorbed  and  the  energy  exerted  on  a  piston  are 
«ig4  ofthmn  represented  by  the  area 

EBCF  =  ABCD=|'^^c;t;,=  [''rc^p. 

nL  Condensation  from  m  and  cooling  to  r^  under  the  pressure 
p\     In  this  case, 

The  heat  gwen  aui  is H* 

The  eaiergy  exerted  by  the  piston  <m  the  jiufu^ .pV. 

Henoe^  the  heat  which  disappeare  during  the  cycle  of  operations,  is 
n+  fpdv  —  B!. 
The  resultant  or  effective  aieigy  exerted  by  the  gas  on  the  piston, 

=  area  ABC D=jr<;?f)=  fpdv. 

And  by  the  First  Law  of  ThermodynamicS|  those  quantities  9ie 
e(]oal;  therefore, 

H  — ^  =  0;  orH'ssH; 

— Q.RD. 

Secondly,  Let  H^  be  the  latent  heat  of  evaporation  at  a  toi- 
perature  T^  at  which  the  saturated  vapour  is  sensibly  a  perfect  gas, 
and  K^  the  total  heat  of  gasefication  at  any  higher  temperature  T^ 
under  any  constant  pressure.  Suppose  the  gas  to  be  fii-st  producea 
by  evaporation  at  T^,  and  then  raised  under  a  constant  pressure  to 
Tj;  the  expenditure  of  heat,  in  foot-pounds,  per  pound  of  gas,  will 
be  independent  of  the  pressure,  and  will  be 

Hi=Ho  +  Kp(Ti-To), 

as  before  proved. — Q.  R  D. 

Taking  for  Tq  the  temperature  of  melting  ice,  wo  have,  for  steam, 
in  the  perfectly  gaseous  condition,  or  Steam-Gas, 

Ho  =  842872  foot-pounds, 

Kp=0-48  X  772  =  371  foot-pounds  per  d^ree  of 

Fahrenheit  above  32°, 

Hz=  842872  +  371  (T  — 32^ 


....(5.) 
From  this  formula  have  been  calculated  the  numbers  in  the 
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column  headed  H,  in  a  Table  of  the  Elasticity  and  Total  Heat  of 
One  Fotmd  of  Steam-Gas,  which  will  be  given  in  a  subsequent 
Article. 

258  JL  iMitmt  Heat  m£  Wmaimu, — ^When  freezing  and  melting  are 
accompanied  hj  a  change  of  volume,  the  latent  hmt  offmion  is  sub- 
ject  to  a  law  analogous  to  that  given  in  Article  255  for  the  latent 
heat  of  evaporation,  viz.,  let  v  be  the  volume  of  unity  of  weight  of 
the  substance  in  the  liquid  state,  t/  the  volume  in  the  solid  statt^ 

r  the  absolute  temperature  effusion,  and  -^  the  reciprocal  of  the 

rate  at  which  that  temperature  varies  with  the  external  pressure 
under  which  fusion  takes  place  j  then  the  latent  heat  of  fusion,  in 
units  of  work,  is 

H  =  r  Jf  («_t,) (1.) 

When  the  latent  heat  and  temperature  of  fusion,  and  the  alteration 
of  volume  v  — i/,  are  known  by  experiment  for  a  given  substance, 
tho  alteration  of  the  temperature  of  fusion  by  pressure  may  be  c(Hn- 
puted  by  the  following  formula : — 


7^   "         H       ^"^^ 


dp 

When  the  bulk  of  the  substance  in  the  solid  state  exceeds  that  in 
the  liquid  state  (as  is  the  case  for  water,  antimony,  cast  iron,  and 

according  to  Mr.  Nasmyth,  for  many  other  substances),  then  ^-p 

is  negative :  that  is,  the  temperature  of  fusion  is  lowered  by  pressure ; 
a  principle  first  pointed  out  by  Mr.  James  Thomson,  as  a  conse- 
quence of  Camot's  theory  (Edinburgh  Tranaactiana,  voL  xvL)  For 
water  we  have  the  following  data : — 

«  =  0*016    cubic  foot  per  pound, 

«'=  0-0174 

r  =  493^-2  Fahr. 

H=  142  X  772  =  109624  foot-pounds; 

consequently,  —  ^  =  0-0000063  Fahrenheit,  being  the  amount 

by  which  the  melting  point  of  ice  is  lowered  for  each  pound  of  pres- 
sure on  the  square  foot.  An  atmosphere  of  pressure  being  2,1 1 6  lbs. 
per  square  foot,  we  have,  for  the  lowering  of  the  melting  point  per 
atmosphere  of  pressure. 
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2116  X   f—^\:=z  0«O133  Falirenheit^ 
a  result  verified  hj  the  experiments  of  Professor  William  Thomson. 

Sbctioh  3. — Effidmcy  of  the  Fluid  in  Heat  Enginea  in  generoL 

259.  AmJtsIs  •r  thm  b«cImm7  mf  Heat  BasfaMs— If  the  number 
of  British  thermal  units  produced  by  the  combustion  of  one  pound 
of  a  given  kind  of  fuel,  be  multiplied  by  Joule's  equivalent,  772 
foot-pounds,  the  result  is  the  total  kecU  of  combustion  c£  the  fuel  in 
question,  expressed  in  foot-pounds.  For  different  kinds  of  fuel,  as 
may  be  deduced  from  the  data  in  Article  227,  this  quantity,  in 
round  numbers,  ranges  between  5,000,000  and  12,000,000  foot- 
pounds. This  total  heat  is  expended,  in  any  given  engine,  in  pro- 
ducing the  following  effects,  whose  sum  is  equal  to  the  heat  so 
expended : — 

1.  The  uxute  heat  o/thejumace,  being  from  01  to  0*6  of  the  total 
heat,  according  to  the  construction  of  the  furnace,  and  the  skill 
with  which  the  combustion  is  regulated     See  Article  234. 

2.  The  neceBsarUy-refected  heat  of  the  engine,  being  the  excess  of 
the  whole  heat  communicated  to  tiie  working  fluid  by  each  pound 
of  fuel  burned,  above  the  portion  of  that  heat  which  permanently 
disappears,  being  replaced  by  mechanical  energy. 

3.  The  heal  wasted  by  the  engine,  whether  by  conduction  or  by 
non-fulfilment  of  the  conditions  of  maximum  efficiency. 

4.  The  ueeleea  work  of  the  engine,  employed  in  overcoming  fric- 
tion and  other  prejudicial  resistances. 

5.  The  uee/ul  work.  The  efficiency  of  a  heat  engine  is  improved 
by  diminishing  as  fitr  as  possible  the  first  four  of  those  effects,  so  as 
to  increase  the  fifth. 

It  appears  then  that  the  efficiency  of  a  heat  engine  is  the  pro- 
duct of  three  fiictors;  viz. : — ^L  The  efficiency  of  the  fwmace,  being 
the  ratio  which  the  heat  transferred  to  the  working  fluid  bears  to 
the  total  heat  of  combustion  ;  II.  The  efficiency  of  the  fluid,  being 
the  fraction  of  the  heat  received  by  it  which  is  transformed  into 
mechanical  energy  j  and.  III.,  The  efficiency  of  the  mechanism, 
being  the  fraction  of  that  energy  which  is  available  for  driving 
machines. 

The  first  of  those  fiictors, — ^the  efficiency  of  the  furnace, — ^has 
been  considered  in  Chapter  II.,  and  especiaUy  in  Article  234  :  the 
second, — ^the  efficiency  of  the  fluid, — is  the  special  subject  of  the 
present  section;  the  third  will  be  considered  in  a  subsequent 
section. 

260.  Jlctl«M  •r  the  CrliMder  and  PI«t«B— Indicated  Fewer.— The 
part  of  a  heat  engine  in  which  the  fluid  performs  work  consists 
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esBentially  of  an  enclosed  space  whose  volnme  is  capable  of  being 
alternately  enlarged  and  contracted,  by  the  motion  of  one  of  its 
boundaries.  The  enclosed  space  is  of  a  cylindrical  form,  in  all 
engines  that  are  extensively  used  in  practice;  and  it  is  called  the 
CTLiNDEBy  even  in  those  exceptional  engines  in  which  it  has  some 
other  figure.  Its  moveable  boundary  is  called  the  piston,  and  is 
usually  a  cylindrical  disc  fitting  the  cylinder,  in  which  it  moves  to 
and  fro  in  a  straight  lin&  In  some  exceptional  engines  the  piston 
has  other  forms,  but  its  action  always  is  to  increase  and  Hirninigli 
alternately  the  volume  of  a  certain  enclosed  space. 

The  steam  or  other  working  fluid,  while  it  is  entering  the  cylin- 
der and  expanding,  drives  the  piston  before  it,  and  exerts  on  the 
piston  an  amount  of  energy  equal  to  the  product  of  the  volume 
swept  through  by  the  piston  into  the  mean  intensity  of  the  pressure 
of  the  fluid.     This  operation  is  ihe/ortoard  stroke. 

During  the  return,  or  backward  stroke,  the  piston  drives  the  fluid 
before  it,  and  either  expels  it  from  the  cylinder,  or  compresses  it, 
or  expels  part  and  compresses  part;  and  in  so  doing  the  piston 
exerts  energy  upon  the  fluid  to  an  amount  equal  to  the  product  of 
the  volume  swept  through  by  the  piston  into  the  mean  intensity  of 
the  pressure  of  the  fluid,  which  is  now  called  hack  pressv/re. 

The  excess  of  the  energy  exerted  by  the  fluid  on  the  piston  dur- 
ing the  forward  stroke  above  the  energy  exerted  by  the  piston  on 
the  fluid  durinff  the  return  stroke,  is  the  effective  energy  exerted  by 
the  fluid  on  tbe  piston  during  one  complete  stroke,  or  revolvJtion, 
consisting  of  a  forward  stroke  and  a  return  stroke,  and  is  equal  to 
the  loork  performed  by  the  piston  in  overcoming  resistance  other 
than  the  back  pressure  of  the  fluid ;  and  the  amount  of  that  work 
in  some  definite  time,  as  a  second,  a  minute,  or  an  hour,  is  the 
indicated  power  of  the  engina 

The  method  of  computing  that  power  from  the  diagram  drawn  by 
the  indicator  of  a  worldng  engine  nas  been  explained  in  Article  43. 

It  is  to  be  borne  in  mind  in  such  calculations  ^as  has  been  ex- 
plained in  Article  6),  that  the  spaces  swept  througn  by  the  piston, 
and  the  intensities  of  the  pressure,  must  be  stated  in  such  units  that 
the  product  of  a  space  into  the  intensity  of  a  pressure  shall  give  a 
quantity  of  work  m  foot-pounds.  Thus,  for  quantities  of  work  in 
foot-pownds — 


UNIT  07  PBBSSURE. 

One  lb.  on  the  square  foot. 
One  lb.  on  the  square  incL 


UNIT  07  SPACE. 

One  cubic  foot. 

A  prism  a  foot  long  and  an  inch 

square,  =  -^rr  ^^^'^  ^oo*i 

Digitized  by  VjOOQ IC 
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and  for  quantities  of  work  in  kiiogrammdres^^ 

XrSTT  OF  PRESSUBK  UNIT  OF  SPAG& 

One  kilogramme  on  the  square  ) 

metre^ —••••••••••••» j 

One  kilogramme  on  the  square  ) 

oentimetre, - / 


One  kilogramme  on  the  square  1 
millimetre, « j 


One  cubic  metre. 

jp^  cubic  metre  =  j^  litTR 

■pgpgjj  cubic  metre  =-pgjj 
Htre. 


The  method  of  computing  the  power  of  a  double-acting  engine, 
by  finding  separately  die  quantities  of  effective  energy  exerted  on 
the  two  sides  of  the  piston,  and  adding  them  together,  has  been 
sufficiently  explained  and  illustrated  in  Article  43,  pages  50,  51. 

261.  I»««Ue  CjUmdnf  Wtwtgkmtm-  r»iM— !!•■  •f  Piajfii In  a 


double  cylinder  engine,  the  steam  or  other  fluid  performs  its  work 
in  two  cylinders,  a  smaller  and  a  larger,  which  at  certain  periods 
communicate  with  each  other.  In  some  cases  the  functions  of  two 
cylinders  are  performed  by  the  two  ends  of  one  <^linder.  The 
details  of  such  engines  will  be  explained  in  a  future  chapter;  the 
object  of  the  present  Article  being  to  show  how  the  indicator-dia- 
grams of  work  obtained  from  a  double  cylinder  engine  are  to  be 
combined,  so  as  to  produce  the  diagram  that  would  have  been 
obtained  had  the  fluid  performed  the  same  work  by  going  through 
the  same  series  of  changes  of  pressure  and  volume  in  one  cylinder; 
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To  fix  the  ideas,  the  fluid  will  be  spoken  of  as  sieam;  although  the 
principles  are  applicable  to  any  fluid.  The  steam,  then,  is  first 
admitted  from  the  boiler  into  the  smaller  cylinder,  until  it  fills  a 
certain  volume,  represented  by  B  C  in  ^g,  97  j  the  absolute  pressure 
is  represented  by  the  height  of  £  C  above  the  zero  line  P  O  Q.  The 
admission  of  the  steam  is  then  cut  ofl*,  and  it  expands  in  the 
smaller  cylinder  with  a  pressure  gradually  diminishing,  as  shown 
by  the  oi^dinatec  of  the  curve  CD.  D  N  being  let  fell  perpen- 
dicular to  O  Q,  O  N,  represents  the  whole  volume  swept  through  by 
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the  piston  of  the  smaller  cylinder  during  its  forward  stroke.  At 
the  end  of  that  stroke,  a  communication  is  opened  between  the 
smaller  and  the  larger  cylinder;  and  the  forward  stroke  of  the 
piston  of  the  larger  cylinder  takes  place  at  the  same  time  with  the 
return  stroke  of  the  piston  of  the  smaller  cylinder.  During  this 
process,  the  steam  is  driven  before  the  piston  of  the  smaller  cylmder, 
and  drives  the  piston  of  the  larger  cylinder;  it  exerts  more  energy 
on  the  latter  piston  than  it  receives  from  the  former,  because  the 
piston  of  the  larger  cylinder  sweeps  through  the  greater  speace ;  and 
the  difference  between  those  quantities  of  energy  is  added  to  the 
energy  fcMPmerly  exerted  by  the  steam  on  the  piston  of  the  smaller 
cylinder.  This  part  of  the  action  of  the  steam  is  represented  by 
the  curves  D  A  and  E  F  :  the  ordmates  of  D  A  representing  the 
backward  pressures  exerted  by  the  steam  in  the  smaller  cylinder, 
and  the  ordinates  of  E  F,  the  forward  pressures  exerted  by  it  at 
the  same  time  in  the  larger  cylinder.  O  P  represents  the  space 
swept  through  by  the  piston  of  the  larger  cylinder,  on  the  same 
scale  with  that  according  to  which  O  N  represents  the  oocreqpoind- 
in^space  for  the  smaller  cylinder. 

The  next  operation  is  to  shut  the  communication  between  the 
two  cylinders,  and  open  the  exhaust  port  of  the  larger  cylinder, 
and  the  admission  port  of  the  smaller.  Then  takes  place  the 
return  stroka  of  the  laiger  cylinder,  during  which  ^e  steam  is 
expelled,  exerting  a  back  pressure  represented  by  the  OTdinates  of 
F  A ;  while  at  the  same  time  a  new  portion  of  steam  is  admitted 
into  the  smaller  cylinder,  and  expanded  as  before,  during  a  new 
forward  stroke  of  tJiat  cylinder. 

Thus  are  produced  the  two  indicator  diagrams,  B  C  D  A  B  for 
the  smaller  cylinder,  and  E  F  A  E  for  the  larger,  and  the  sum  of 
their  areas  represents  the  energy  exerted  on  the  piston  by  the 
quantity  of  steam  which  is  expended  at  one  stroke.  When  two 
such  diagrams  are  taken  by  an  indicator,  for  the  sole  purpose  of 
computing  the  power  of  an  actual  engine,  they  may  be  drawn  on 
the  same  or  on  different  scales,  and  the  quantities  of  work  indicated 
by  them  may  be  computed  independently,  and  then  added  together. 
Of  this  a  detailed  example  has  already  been  given  in  Article  43, 
page  51. 

But  if  the  diagrams  are  to  be  used  for  the  purpose  of  examining 
into  the  thermodynamic  relations  between  heat  expended  and  work 
performed,  or  for  other  scientific  purposes,  it  is  best  to  combine 
them  into  one  diagram,  in  the  following  manner : — 

Draw  any  straight  line  K  G  H  parallel  to  P  O  Q,  and  intersect- 
ing  both  diagrams.     Produce  that  line,  and  lay  off  upon  it     , 


936  STEAM  JJXD  OTHER  HEAT  ENOIVEB. 

Then  GL  ^  G  H  +  K  G  represents  the  total  volume  ocouped 
hj  the  steam,  partly  in  the  smaller  and  partly  in  the  larger  cylinder, 
when  its  absolute  pressure  is  represented  by  O  G;  and  L  is  a«oint 
in  the  indicator  diagram  which  would  have  been  described  had  the 
whole  action  of  the  steam  taken  place  in  the  larger  cylinder  onlk. 

By  drawing  a  sufficient  number  of  parallel  lines,  such  as  ^  L, 
and  laying  off  the  proper  distances  on  them,  as  above,  any  number 
of  points  such  as  Ij  may  be  found,  so  as  to  complete  the  cambined 
diagram  B  0  D  L  M  A  B,  whose  length  O  Q  =  O  P  represents  the 
volume  swept  through  by  the  piston  of  the  larger  cylinder;  and 
this  diagram  may  be  reasoned  about  as  if  it  represented  the  action 
of  the  steam  in  the  larger  cylinder  alone. 

It  is  to  be  observed,  then,  as  a  general  principle,  that  the  eriergy 
eooerted  by  a  gwen  portion  of  a  fluid  dttrmg  a  given  series  of  changes 
of  pressure  md  volume^  depends  on  that  series  ofchangeSf  and  not  on 
the  number  and  arrangement  of  the  cylinders  in  which  those  changes 
are  undergone, 

262.  VtaM  Aetiac  ■•  m  €7mM«a. — To  determine  geometrically 
the  efficiency  of  a  heat  engine,  it  is  necessary  to  know  its  true 
indicator  diagram;  that  is  to  say,  the  curve  whose  co-ordinates 
represent  the  successive  volumes  and  pressures  which  the  fluid 
foorlnng  the  engine  assumes  during  a  complete  revolution.  This 
true  indicator  diagram  is  not  necessarily  identical  in  figure  with 
the  diagram  described  by  the  engine  on  the  indicator  card;  for 
the  absosssB  representing  volumes  in  the  latter  diagram,  include 
not  only  the  volumes  assumed  by  that  portion  of  the  fluid,  which 
really  performs  the  work  by  alternately  receiving  heat  while  ex- 
pandii:^,  and  emitting  heat  while  contracting,  in  such  a  manner  as 
permanently  to  transform  heat  into  mecha^cal  energy,  but  also 
the  volumes  assumed  by  that  portion  of  the  fluid,  if  any,  which  acts 
merely  as  a  cushion  for  transmitting  pressure  to  the  piston,  under- 
«,  going,  during  each  revolu- 

tion, a  series  of  changes  of 
pressure  and  volume,  and 
then  the  same  series  in  an 
order  exactly  the  reverse 
of  the  former  order,  so  as 
to  transform  no  heat  ^r« 
manently  to  mechanical 
energy. 

In  &g.  98,  let  abedhe 
the  apparent  indicator  di»- 
Fig.98.  gram.      Parallel  to    O  X 

draw  "Sa  and  Lc,  touching  this  diagram  in  a  and  c  respectively; 
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then  those  lines  will  be  the  lines  of  mftyimnm  and  minimnm  pres- 
sure. Let  H  £  and  L  G  be  the  volmnes  occupied  by  the  auhion  at 
the  maximuTn  and  miniTnuTn  pressures  respectiTelj :  draw  the  curre 
E  G,  such  that  its  co-ordinates  shall  represent  the  changes  of  volume 
and  pressure  undergone  by  the  cushion  duiing  a  revolution  of  the 
engine.  Let  'K'F  dbhe  any  straight  line  of  equal  pressure,  inter- 
secting this  curve  and  the  apparent  indicator  diagram;  so  that 
K^,  ILd shall  represent  the  two  volumes  assumed  by  the  whole 
elastic  body  at  the  pressure  O  K,  and  K  F  the  volume  of  the 
cushion  at  the  same  pressure.     On  this  line  take 

6B  =  SD  =  KF; 

then  it  is  evident  that  B  and  D  will  be  two  points  in  the  trae 
indicator  diagram;  and  in  the  same  manner  may  any  number  of 
points  be  found. 

The  area  of  the  true  diagram  A  B  0  D  is  obviously  equal  to  that 
of  the  apparent  diagram  abed, 

263.    F*m«l»  f«r  Encrgr  exerted  bj  FtaM  •■  PtoCeik  —  Ll  fig» 

99,  let  ABODEA  repre- 
sent the  indicator  diagram  of 
a  heat  engine,  O  Y  as  usual 
being  the  line  of  no  pressure, 
and  O  P  that  of  no  volume. 

The  area  of  that  diagram, 
representing  the  effective 
energy  exerted  by  a  certain 
quantity  of  the  fluid,  may  be 
computed  and  expressed  by 
either  of  two  meliiods. 

Fvrst  Method— Ij&t  thedot- 
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ted  lines  B6,  Ee,  be  tangents  to  the  diagram,  parallel  to  OP, 
so  that 

Oe=zv^'y  06=ri/i; 

are  respectively  the  greatest  and  the  least  vohmies  occupied  by  the 
quantity  of  fluid  in  question. 

Let  F  G  =  Av  represent  any  small  portion  of  the  change  of 
volume  undergone  by  the  fluid.  Draw  F  L  H,  G  M  K,  perpendi- 
cular to  O  V;  and  let 


p  =  mean  of  F  H  and  G  K,  and 

y  =  mean  of  FL  and  G M, 
represent  the  mean  intensities  of  the  pressures  of  thefluid  when  the 
portion  of  the  change  of  volume  represented  by  FG=:At;  takes 

z 
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place,  during  the  forward  8tax)ke,  and  during  the  rattim  stxoke 
respectively,  so  that 

is  the  ^ffkdMie  pressure  corresponding  to  F  G. 
Then, 

{p — p)  AV=:areaLH KM  nearly; 

and  hy  dividing  the  whole  diagram  into  a  number  of  Itands,  such 
as  L  H  K  M,  and  adding  their  areas  together,  we  get  as  an  approxi- 
mation to  the  whole  area  of  the  diagram, 

TJ  =  2  [{p-^p)  Av}  nearly; 

being  the  value  already  given  in  Article  43. 

The  exact  value  of  tiiat  area  is  the  limit  towards  which  that  sum 
approximates,  as  the  bands  into  which  the  diagram  is  divided 
become  more  numerous  and  more  narrow.  That  limit,  or  integral, 
is  represented  by  the  symbol, 


V=fJ^(p-if)dv (1.) 


Second  Method. — Let  p^  represent  the  greatest,  and  p^  the  least 
intensity  of  the  pressure  of  the  fluid  during  its  action. 

Let  N  Q  =  A  p  represent  any  small  portion  of  the  change  of  pres- 
sure undergone  by  the  fluid.     Draw  N  T  R,  Q  W  S,  perpendicular 

to  OP,  and  let  

V  =  mean  of  NR and  QS,  and 
ty  =  mean  of  NT  and  QW, 

represent  the  mean  volumes  occupied  by  the  fliiid  when  the  portion  of 
the  change  of  pressure  represented  by  N  Q  =  ^  p  takes  place,  during 
the/oruKird  stroke  and  during  the  return  stroke  respectively. 
Then, 

(v  —  v)  Ap  =  area  W SET  nearly; 

and  by  dividing  the  whole  diagram  into  a  number  of  bands,  such  as 
W  S  K  T,  and  adding  their  areas  together,  we  get  aa  an  approxima- 
tion to  iho  whole  area  of  the  diagram, 

TJ  =  2 1 (v  —  if)  Ap^  nearly. 

The  exact  value  of  that  area  is  the  limit  towards  which  that  sum 
approximates,  as  the  bands  into  which  the  diagram  is  divided 
become  more  numerous  and  more  nsxrow.  That  lmiit,:^or  integral, 
is  represented  by  the  symbol  Digitized  by  Googfc 
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U=  ["'  {v-^dp; (2.) 

being  a  result  equal  to  that  giyeu  hj  equation  1^  but  obtained  hy  a 
different  process. 

The  £rst  method  is  the  best  for  measuring  the  work  indicated  hj 
th^  diagrams  of  actual  engines.  The  second  is  the  most  convenient- 
in  some  theoretical  inquiries. 

It  is  always  most  convenient  to  consider  the  quantity  of  fluid 
to  which  the  equations  1  and  2  refer,  as  being  one  fouitd  ;  so  that 
they  give  the  energy  exerted  per  pwmd  offlvid^  and  the  values 
of  V  are  simply  the  various  volumes  occupied  by  one  pound  at  dif- 
ferent periods  of  the  revolution  of  the  engina 

To  express  the  energy  exerted  per  umU  of  space  moept  through  by 
the  piston  (or  in  a  double  cylinder  engine,  by  the  piston  of  the 
larger  cylinder),  it  is  to  be  observed,  that  the  space  so  swept 
through  per  poimd  of  fluid  employed,  is  the  difference  between  the 
greatest  and  least  voltmies  occupied  by  one  pound;  that  is  to  say^ 

80  that^  THE  ENEBOT  EXERTED  PER  UNIT  OF  VOLUME  SWEPT  THROUGH 


_      U  j{p—p)dv  ^j{v  —  tf)dp  ^ 


.(3.) 


vg vj  vj — V'l  T/2  —  ^1 

If  the  xmit  of  Tolume  is  a  cvbic  foot^  this  formula  gives  the  mecm 
effective  pressv/re  in,  pounds  on  the  equarefoot;  if  the  unit  of  volume 
is  a  prism  a  foot  long  and  an  inch  square,  the  formula  gives  the 
meam,  effectime  presswre  m  pounds  on  the  square  inch. 

The  ENERGY  EXERTED  IN  A  GIVEN  TIME  (such  as  a  minute,  or 
an  hour),  that  is,  the  indicated  power,  is  given  by  the  expression, 

wxr, (4.) 

in  which  w  is  the  weight  of  fluid  employed  in  the  given  time ;  or 
otherwise,  as  in  Article  43,  equation  4,  by  the  expressicm, 

NA*U  ,^. 

■z — 3-; (^0 

in  which  A  is  the  area,  and  s  the  length  of  stroke  of  the  piston  (or 
of  the  piston  of  the  larger  cylinder,  in  a  double  cylinder  engine); 
so  that  Asia  the  volume  swept  through  per  stroke;  and  N  is  the 
number  of  strokes  in  the  given  time;  which  number,  in  a  double 
acting  engine,  is  to  be  doubled,  as  has  been  explained  in  Article 
43,  unless  the  quantities  of  energy  exerted  on  the  two  sides  of  the 
piston  are  computed  separately,  and  added  together. 
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Inasmuch  as  we  have 


»  =  =-r:=-' - («•) 


it  follows  that  the  toeight  qf fluid  employed  per  stroke  is 
to         As 


N  ~  r,  -  v\ 


.(7.) 


If  the  diagram  in  fig.  99  is  held  to  repreeent  the  energy  exerted 
hj  one  pound  of  the  fluids  then  the  abscissse  parallel  to  OY 
rq^resent  simply  values  of  v,  the  volume  of  one  pound. 

If  the  diagram  is  held  to  represent  the  enei^  exerted  per  unU 
of  volume  swept  through^  then  the  line  6  e  represents  that  unit,  and 
the  abscissae  parallel  to  0  Y  represent  values  of 


v^-t/i* 


.(8.) 


If  the  diagram  is  held  to  represent  the  enei^  exerted  during 
one  stroke,  then  the  line  6  e  represents  the  voltmie  A «,  and  the 
abscissee  parallel  to  O  Y  represent  values  of 

^^'  (9.) 


«^2-*^l 

The  quantity  spoken  of  as  the  "u^ight  of  fluid  emplot/ed"  in 
every  case  means,  the  weight  of  fluid  employed  once;  and  if  a 
given  weight  of  fluid  (as  often  happens)  is  made  to  act  again  and 
again,  it  is  to  be  he]  d  to  be  equivalent  to  the  same  weight  multi- 
plied hy  the  nwniJbeT  of  times  tliat  it  is  employed. 

264.   B^mttoa    •f  Baeryf    and    Work. —  The    principle    of  the 

equality  of  energy  and  work  (Articles  2^,  33)  when  applied  to  the 
action  of  the  fluid  in  a  heat  engine,  takes  the  following  form : — 

When  tJie  engine  ie  moving  with  an  uniform  periodical  motion 
(that  is,  when  each  stroke  occupies  an  equal  interval  of  time^  and 
when  tiie  velocity  of  each  part  of  the  machine  is  the  same  after 
any  number  of  complete  strokes),  the  energy  exerted  by  the  fluid  on 
the  piston  during  amy  number  of  complete  strokes  is  equal  to  the  work 
performed  hy  ike  piston  in  overcoming  resistance  in  Ute  same  period 

The  most  convenient  method  of  expressing  this  principle  by  a 
formula  is  as  follows: — 

As  in  Articles  9  and  24,  let  all  the  resistances,  useful  and  pre- 
judicial, which  the  engine  has  to  overcome,  be  reduced  to  the  piston 
,ms  a  driving  point.  For  example,  suppose  that  while  the  piston 
performs  a  stroke,  of  the  length  s,  a  given  part  of  the  mechanism 
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linoves  through  the  diBtance  ily  against  the  resistance  R'.  Then  tlia 
equivalent  resistance,  directly  applied  to  the  piston,  is 

ftnd  the  total  resistance  reduced  to  the  piston,  obtained  by  adding 
together  all  such  quantities  as  the  above,  may  be  denoted  as 
foUows : — 

R  =  S-R'.... (1.) 

Now  if  N  be  taken,  as  in  the  last  Article,  to  denote  the  number 
of  strokes  in  a  given  time,  such  as  a  minute,  the  work  performed 
by  the  piston  in  that  time  is 

N«R  =  N-2-«^R'; (2.) 

and  this  being  equated  to  the  energy  exerted  by  the  fluid  on  the 
piston  in  the  same  time,  as  given  in  Article  263,  formubo  4  and  5^ 
gives  for  the  eqiuxtion  of  energy  cmd  toork,  the  following : — 

NsIi^wV^^^^y (3.) 

Another  form  of  expression  for  the  same  principle  is  obtained  by 
dividing  both  sides  of  the  above  equation  by  N  a  A,  aa  follows : — 


R^      XT 

A       t?2  -  t/j* 


.(4.) 


Now  the  first  side  of  this  equation  is  the  total  resistance  per  unit 
of  area  of  piston ;  and  the  second  side  is  the  mean  effective  pressure 
of  the  fluid;  so  that  the  principle  expressed  by  it  may  be  stated  as 
follows : — 

In  a  heat  engine  moving  tmth  an  uniform  periodical  motion,  the 
mean  effective  pressv/re  of  the  fiv/id  is  equal  to  the  total  resistaawe  per 
tmit  of  area  of  piston. 

The  proper  mode  of  applying  this  principle  to  the  steam  engine 
was  flrst  pointed  out  by  the  Count  de  Pambour  in  his  works  On 
Locomotives,  and  on  the  Theory  of  the  Steam  Engine,  It  may  be 
summed  up  as  follows,  leaving  the  details  to  be  explained  further 
on: — 

The  resistance  is  in  general  determined  by  the  nature  of  the 
work  performed  by  the  engine;  so  that  in  most  cases,  R  is  known 
from  data  independent  of  the  action  of  the  fluid. 

The  resistance  being  a  fixed  quantity,  fixes  the  mean  eflective 
pressure  according  to  equation  4;  in  other  words,  the  action  of  th« 


342  STEAM  AST}  OTHER  HEAT  ENGINES. 

fluid  adjusts  iiseff  until  the  mean  effectiTe  pressure  balances  the 
resistance.  The  process  bj  which  that  adjustment  takes  place  may 
be  stated  generally  thus : — ^if  the  mean  effective  pressure  is  at  first 
greater  than  the  resistance,  the  motion  of  the  engine  is  accelerated ; 
that  is,  the  number  of  strokes  in  a  given  time  is  increased;  the 
quantity  of  heat  expended  per  stroke  is  diminished;  and  the  mean 
eiSectiye  pressure  is  diminished;  and  this  goes  on  until  the  mean 
effective  pressure  exactly  balances  the  resistance.  If  the  mean 
effective  pressure  is  at  first  less  than  the  resistance,  the  motion  of 
the  engine  is  retarded  until  the  same  adjustment  is  effected  by  a 
j)rocess  precisely  the  converse  of  that  above  described. 

The  mean  effective  pressure  being  thus  determined,  the  quantities 
TJ,  V2  —  t/^,  and  the  various  values  of  p  and  v,  at  different  parts  of 
the  stroke,  can  be  deduced  from  it  by  principles  to  be  afterwards 
explained,  depending  on  the  nature  of  the  fluid,  and  the  manner  in 
which  its  action  is  r^ulated  in  the  particular  engine.  Then  from 
equation  6  of  Article  263,  it  appears  that  the  number  of  strokes  in 
a  given  time  can  be  computed  by  the  formula 

N^Ei^nl^ (5.) 

265.  Wtme^mtj  •r  the  Flidd  te  aa  EleMCBtwr  Heat  BBglM. — ^An 

elementary  heat  engine  is  one  in  which  the  reception  of  heat  by 
the  fluid  ^es  place  wholly  at  one  absolute  temperature  r^,  and  its 
rejection  wholly  at  another  absolute  temperature  r^  Consequentiy, 
in  such  an  engine,  the  change  between  those  two  limiting  tempera- 
tures must  be  made  entirely  by  compression  and  expansion  of  the 
fluid.  In  ^,  100,  let  A  B  be  pirt  of  the  iso- 
thermal line  of  Tp  D  C  part  of  th&t  of  r^;  and  let 
A  D  M,  B  C  N,  be  a  pair  of  adiabatic  lines,  corr 
responding  respectively  to  any  two  thermodyna- 
mic functions  ^«,  ^»,  and  produced  indefinitely 
towards  X.  Then  will  A  B  C  D  be  the  diagram 
of  an  elementary  heat  engine  receiving  heat  at 
the  absolute  temperature  t^,  and  rejecting  heat 
»*«•«•  The  action  of  such  an  engine,  during  one 
w*  100  stroke,  consists  of  four  operations,  represented 

*^  by  the  four  sides  of  the  figure  ABCD,  as 

follows : — 

A  B,  expansion  of  the  fluid  at  the  higher  limit  of  temperature  r^ ; 
B  C,  frirther  expansion,  without  reception  or  emission  of  hea4;^ 
till  the  temperature  falls  to  to  ; 

C  D,  compression  of  the  fluid,  at  the  lower  limit  c^  tempera- 
ture «^;  Digitized  by  CjOOQIC 


EFFICIBNCT  OF  THE  FLUID  IN  QENE&AL.  343 

D  A,  farther  compression,  witliont  reception  or  emiaaion  of  heat^ 
till  the  temperature  rises  again  to  t^. 

The  heat  reoeiTed  by  the  fluid  from  the  furnace,  at  each  stroke, 
during  the  process  A  fe,  is  ^-j  (<P»- ^a)  =  H^  and  is  repi*fesented  hj 
the  indefinitely  produced  area  MABK.  The  heat  rejected  at 
each  stroke,  during  the  process  C  D,  and  abstracted  hj  some  refri- 
gerating substance  (such  as  the  jet  of  cold  water,  in  the  condenser 
of  a  steam  engine)  is  r,  (^»  —  ^«)  =  Hj,  and  is  represented  hy  the 
indefinitely-produced  area  M  D  0  N.  The  heat  permanently  trans- 
formed into  mechanical  eneigy  at  each  stroke  is  represented  by  the 
areaABCD 

=Hi-H2=(n  -  .,)  (^,-^.) (1.) 

Ck>nBequently  the  efficiency  of  the  engine  is 

Hi i^         Ti  +  461-2 ^"^'f 

The  last  equation  expresses  the  law  of  the  efficiency  of  demerUary 
thermodynamic  engines,  viz, : — that  the  heat  transformed  into  mecha- 
nical energy  is  to  the  whole  heat  received  hy  the  fluid  as  the  range  of 
temperabuare  is  to  the  absolute  temperattMre  at  which  heat  is  received, 

266.    BflciOMT  •r  tiM  FlaidI  !■  Hcst  IEagla«s  te  O— —at— Let 

the  closed  line  AabBodAhQ  the  diagram  of  any  thermodynamic 
engine.  Draw  a  pair  of  adiabatic  lines  A  M,  B  N,  touchuig  the 
dosed  line  in  A  B,  respectively,  and  indefinitely 
produced  in  the  direction  of  O  X.  Then  through- 
out the  process  represented  by  the  part  A  a  5  B  of 
the  diagram,  the  fluid  is  receiving  heat,  and 
throughout  the  process  is  represented  by  the  part 
3cdA,  rejecting  heat  Cut  an  indefinitely  nar- 
row band  from  the  diagram  by  any  pair  of  indefi-  © — - 
nitely-close  adiabatic  Imes  a  dm,  ben,  correspond-  ^' 

ing  to  the  thermodynamic  functions  ^,  0  +  d^,  respectively ;  and 
let  the  absolute  temperatures  con*esponding  to  the  elements  ab,  cd, 
be  Tp  ro,  respectively.  Then,  treating  the  band  abed  as  the  dia- 
gram of  an  elementary  engine,  we  find  (expressing  quantities  of 
heat  in  foot-pounds), 

Heat  received  during  the  process  a  6  =  indefinitely-produced  area 

mabn:=d'H.j^z=z^id^; 
Heat  rejected  diiring  the  process  c  c^  =  indefinitely-produced  area 

Heat  transform^  into  mechanical  energy  =  area  a  6  c  J  s=  c?  H^ 

-JH,;=(ri-r^C?^. 
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Conaeqaenilyy  whole  heat  reoeiYed  by  the  fluids 

=  areaMAa6BN  =  Hi=  f^*  r^d^ (1.) 

Whole  heat  rejected^ 

=:areaMArf<jBN=H!2=  (^  T^d<p ...(2.) 

Heat  transformed  into  mechanical  enei^, 

=  XJ  =  area  Aa6Bc  JA  =  Hi-H, 

^  fip-pldv^  f  {v^r/)dp^  f^Jjr.^.^d^ (3.) 

Efficiency  of  the  engine 

,S-.  S^;;5  -  Jlh-i'" 


H,      -BT 

'  Pa 


267.  Kcot  BasiM  •f  niwciniaM  BfliciMiey — Between  given  limUa 
of  temperahjutej  the  efficiency  of  a  thermodynamic  engine  is  the 
greatest  possible,  when  the  whole  reception  of  heat  takes  place  at 
the  higher  limit,  and  the  whole  rejection  of  heat  at  the  lower;  that 
is  to  say,  when  the  engine  is  an  demeniary  engine;  and  the  effi* 
ciency  of  the  fluid  in  such  an  engine  is  independent  of  the  nature 
of  the  fluid  employed. 

268.  Heat  BcMiOMlBcr,  •r  BegeaenUar. — To  fulfil  strictly  the 
above  condition  of  maximum  efficiency  between  given  limits  of 
temperature,  the  elevation  of  the  temperature  of  the  fluid  must  be 
performed  wholly  by  compression,  ana  the  depression  of  its  tem- 
perature wholly  by  expansion;  operations  which  are  in  many  cases 
impracticable,  from  the  great  bulk  of  cylinders  which  their  per- 
formance would  require. 

This  difficulty  is  almost  entirely  avoided  by  the  following  process 
for  producing  alternate  elevation  and  depression  of  temperature 
with  a  small  expenditure  of  heat,  invented  about  the  year  1816  by 
the  Rev.  Dr.  Robert  Stirling,  and  subsequently  improved  and 
modified  by  Mr.  James  Stirling,  Captain  Ericsson,  Mr.  Siemens^ 
and  othera 

The  fluid  whose  temperature  is  to  be  lowered  is  passed  through 
the  interstices  of  an  apparatus  called  an  economizer  or  regenerator ^ 
formed  by  a  number  of  thin  plates  of  metal  or  other  solid  conduct- 
ing substance,  or  by  a  network  of  wires,  exposing  a  great  surface 
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'Within  a  small  spaca  The  material  of  the  economizer  becomes 
heated  by  the  cooling  of  the  fluid.  When  the  temperature  of  the 
fluid  is  again  to  be  raised,  it  is  passed  through  the  interstices  of  the 
economizer  in  the  contrary  dii^ction,  and  the  heat  which  it  had 
preriously  given  out  is  in  part  restored  to  it 

It  is  impossible  to  perform  this  process  absolutelj  without  waste 
of  heat.  In  some  experiments  by  Mr.  Siemens,  on  air,  the  waste 
of  heat  at  each  stroke  appears  to  have  been  about  one-twentieth 
part  of  the  heat  alternately  abstracted  from  and  restored  to  the 
air;  and  in  the  air  engines  of  the  ship  *'  Ericsson,**  about  one* 
tenth. 

269.  Tfditofcaric  liiB«s. — One  condition  of  the  economical  work* 
ing  of  the  economizer  is,  that  the  quantity  of  heat  given  out  by  the 
fluid  during  any  given  stage  of  the  lowering  of 
its  temperature  shall  be  equal  to  the  quantity 
received  by  it  during  the  corresponding  stage  of 
the  raising  of  its  temperature.  This  condition  is 
realized  in  the  following  manner: — 

Let  £  F  be  an  arbitrary  line  representing  the 
mode  of  variation  of  the  pressure  and  volume  of  ,^ 
the  fluid  during  the  lowering  of  its  temperature,   ^      fu  102 
Let  G  H  be  the  corresponding  line  for  the  raising  ^' 

of  the  temperature  of  the  fluid.  Let  K  L,  M  N,  be  any  pair  of 
ibothermal  lines,  intersecting  G  H  in  A  and  D,  and  E  F  in  B  and 
0,  respectively.  Let  ^4,  fs,  ^0,  ^d,  be  the  thermodynamic  functions 
for  these  four  points.  Then  if,  for  every  possible  pair  of  isothermal 
lines, 

the  lines  E  F  and  G  H  have  the  required  property,  and  are  said  to 
be  isodiabatio  with  respect  to  each  other. 

Section  4. — Of  the  Efficiency  of  Air  Engines. 

270.  TheroMil  jlimm  for  Air. — ^The  ease  with  which  air  is  obtained 
in  any  quantity,  and  its  safety  from  explosion  at  high  temperatures, 
have  induced  many  inventors  to  devise  engines  in  which  it  is  the 
working  fluid.  ^ 

Very  few,  however,  of  those  engines  have  been  brought  into 
practical  operation,  owing  chiefly  to  the  difficulty  of  obtaining  a 
sufficiently  rapid  convection  of  heat  to  and  from  the  mass  of  air 
employed,  and  to  the  necessity  for  using  a  more  bulky  cylinder 
than  is  required  for  a  steam  engine  of  the  same  pow^  and  with 
the  same  maximum  pressure.  igtized  byGoOglc 

The  efficiency  of  air  engines  is  here  treated  of  before  tnat  of 
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steam  engines^  because  of  the  gn^ 
piinGiple& 

In  such  inyestig&tioiLfi  &s  tbe  f 
error  be  treated  aa  a  perfect 

Each  iaothermal  line  for     i 
byperbolai  whose  a£}iiiptotes  m^ 


ptr=i^ 


For  air, 


1*0  ^0  "^  n^ 

ofFahn^il 
Each  (Ui^to^o^tc  lirio  for  a  perfe* 
kind,  having  0  X,  O  Y,  for  iiayt^i  i 


p  t? 


^^^ 


y  for  air  ^ 
See  Article  251. 

Each  pair  of  isodiahatic  Imcs  for  ^j 
each  other,  that  if  tJ,  v\  ba  tlie  abscia 
of  these  two  lines  rcspiK^tivdy,  with 
line,  the  ratio  v :  i/  is  a  oonstant  qusmti 
The  same  is  the  cast?  with  the  ratio  p : 
all  straight  lines  of  eou&Unt  volume,  [ 
isodiabatic  (which  m  equivalent  to  sayiug 
constant  Yoiume  is  con^itaiit),  and  ulsu 
constant  pressure,  jianiDol  to  O  X,  aro  mutd 
is  equivalent  to  saying  that  the  specific  heat 
sure  is  constant).     Sco  Artit^le  1250,  m 

271*   Th wdli  aamic  Fuiictloii«  far  All-.— Wh 

of  the  thermodynamic  function,  given  resj>ectivt 
and  in  Article  248,  vi^. 


and 


^  =  ft  hyp  log  T  +  j  ^^  dv, 
^=(ft+^-^)hyplog.-/-^-^c;p; 


are  applied  to  a  perfect  gas,  it  is  to  be  observed  (as  already 
in  Article  251),  that  for  a  substance  in  that  condition, 


dr        T  ^Q        V* 
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steam  engmee,  because  of  the  greater  simplicity  of  its  mathematical 
piinciple& 

In  such  investigations  as  the  present^  air  may  without  sensible 
error  be  treated  as  a  perfect  gas. 

Each  iaothermal  line  for  a  perfect  gas  is  a  common  rectangular 
hyperbola^  whose  asymptotes  are  O  X,  O  Y,  its  equations  bei^ 

pv=zpoVo.  - (1.) 

Po^o^  TO  =  5315 

.^-  ^ *  degree  of  Fahrenheit 

Each  aduuHxUc  Ime  for  a  perfect  gas  is  a  curve  of  the  hyperbolio 
kind,  having  O  X,  O  Y,  for  asymptotes,  its  equation  being 

p  v^  =  ^  =  constant- (2.) 

y  for  air  =1-408. 
See  Article  251. 

Each  pair  o/isodiabcUic  lines  for  a  perfect  gas  are  so  related  to 
each  other,  that  if  v,  v\  be  the  abscissae  of  the  points  of  intersection 
of  these  two  lines  respectively,  with  one  and  the  same  isothermal 
line,  the  ratio  v :  t/  is  a  constant  quantity  for  a]l  isothermal  lines. 
The  same  is  the  case  with  the  ratio  p :  p'.  It  follows  from  this,  that 
all  straight  lines  of  constant  volume,  parallel  to  O  Y,  are  mutually 
isodiabatic  (which  is  equivalent  to  saying  that  the  specific  heat  at 
constant  volume  is  constant),  and  also  that  all  straight  lines  of 
constant  pressure,  parallel  to  O  X,  are  mutually  isodiabatic  (which 
is  equivalent  to  saying  that  the  specific  heat  under  constant  pres- 
sure is  constant).     See  Article  250. 

271.  T!hmrmm4jmmmk9  Wmmeammm  f«r  Air. — ^When  the  two  forms 
of  the  thermodynamic  function,  given  respectively  in  Article  246, 
and  in  Article  248,  viz., 

^  =  ft  hyp  log  r  +  j  ^  c?  t? ; 

and 

are  applied  to  a  perfect  gas,  it  is  to  be  observed  (as  already  stated 
in  Article  251),  that  for  a  substance  in  that  condition. 


dr        r  r^        V  O 


PERFECT  AIR  ENGINE.  347 

d*"  r"     T^        p' 

and  also^  as  lias  been  shown  in  Article  250^  that 

These  values  being  introduced  under  the  signs  of  integration,  give 
the  following  results : — 

^:=P$3(^IL^  +  hjf]ogv)+cor^a^i (1.) 

^^y>^vhyplog.  ^.  hyp  1^  p)  +  «,„,rt«uit (2.) 

In  these  formulss,  the  yalue  assigned  to  the  arbitrary  constant 
introduced  by  inte^wtion  is  immaterial;  because  the  diffmwioee 
between  thermodynamic  functions  have  alone  to  be  considered  in 
anyproblem;  and  firom  them  the  arbitrary  constant  disappears. 

The  values  of  the  co-efficients  in  the  above  formulsB,  for  air, 
though  they  have  already  been  given  in  Article  251,  may  here,  for 
the  sake  of  convenience,  be  repeated. 


-^  =  2-451;  -^  =3-451; 
7-1  y-1 

?^  =  53-15  foot-lbs.  per  d^ree  of  Fahrenheit 


..(3.) 


In  using  the  formulse  1  and  2  with  tables  of  common,  instead  of 
hyperbolic  logarithms,  it  is  to  be  observed  that 

hyp  log  n  =  com  log  n  x  ^yp  log  10; 

hyp  log  10  =  2-3026  nearly; 

^^  X  hyp  log  10  =  53-15  x  2-3026  =  122-38 

foot-lbs.  per  degree  of  Fahrenheit. 


...(4.) 


272.  p«Hbet  Air  lErngtm^,  with««t  BcscMmtOT^r— Fig.  100  (Article 
265)  may  be  taken  to  represent  the  diagram  of  the  energy  exerted 
by  one  pound  of  air  during  one  stroke  of  an  eugine  of  this  class. 

Let  r^  and  v^  be  the  absolute  temperatures  of  receiving  and 
rejecting  heat  respectively. 

Then  A  B  is  part  of  a  common  hyperbola,  the  isothermal  curve 
of «-!;  and  its  e<][uation  is 
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pv=:  ?^  •  Ti  =  5315  r^ (1.) 

OD  is  part  of  a  oommon  byperboky  the  isothermal  curve  of  r^; 
and  its  equation  is 


pv 


=  ^^  .  r,=:5315r, (2.) 

B  C  and  D  A  are  portions  of  adiabatic  ourveSy  whose  equations 
are  of  the  form  given  in  Article  270,  equation  2. 
Let 

Pm9Pt9P*>P4f 
^•»   ^b9    ^0  ^49 

denote  respectiTely  the  pressures  in  lbs.  on  the  square  foot,  and  the 
Tolumes  in  cubic  feet,  of  one  lb.  of  air,  corresponding  to  the  four 
an^es  of  the  diagram,  A,  B,  0,  D.  Then  the  prop<niion$  of  thoee 
quantities  are  r^ulated  bj  the  following  formuliB :— * 

%-i=^-i-^- <^> 

g-^(:i)-=(?.r « 

In  equation  3,  r  denotes  the  ratio  ofescpamicm  and  compression 
of  the  air  at  constant  temperature,  which  is  arbitrary,  and  is  to  be 
fixed  by  considerations  of  convenience. 

If  a  certain  quantity  of  air  is  confined  within  the  engine,  and 
used  over  and  over  again  to  drive  the  piston,  the  absolute  values  of 
the  pressures  and  volumes  whose  ratios  are  given  in  equations  3, 4, 
and  5,  are  arbitrary  also.  But  if  the  air  is  wholly  or  partiy  dis- 
charged at  each  stroke,  and  a  fresh  supply  of  air  taken  in  from  the 
atmosphere,  the  minimum  pressure  p„  maximum  volume  v^  of  one 
lb.  of  air,  and  temperature  of  rejection  of  heat  r^  =p^v^^  53*15, 
are  fixed,  being  those  of  the  external  air.  If  the  temperature  r^  of 
receiving  heat  is  also  fixed,  then  the  pressure  and  volume  j)^  v^, 
are  fixed  by  the  formubo 

P.=P.^)    ;"»=»'.•(-;)    ; («.) 

80  that  nothing  remains  arbitrary  except  the  ratio  r,  of  expansion 
and  compression  at  constant  temperature,  which  having  been  fixed 
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according  to  oonyenience,  £z6S  the  other  limits  of  pressure  and 
Tolame,  yiz., 

Pm  =  rpt,;p^=:rp.;  t^«  =  ^i  v^^^ (7.) 

^-^  ^«i  ^hi  ^  ^^  thermodjnamic  functions  proper  to  the  curves 
A  D,  B  0,  respectively.  Then  according  to  Article  271,  equations 
1,  3,  and  i,  the  difference  of  those  functions  is 


.(8.) 


^»-f«  =  ^^(hyplogt;,-hyplogt;.) 

=  53*15  hyp  log  r 
r=  122*38  com  log  r 

being  a  function  of  the  ratio  of  expansion  at  constant  teinperature 
alone. 

Introducing  this  value  into  the  general  equations  of  Article  265, 
we  find  the  following  results : — 

Whole  expenditure  of  heat  in  foot-pounds  of  energy,  per  pound  of 
air  per  stroke — 

Hj  =  Tj  (^^  -  ^.)  =  53*15  cj  •  hyp  log  r  =  122*38  r^  •  com  log  r;...(9.) 

Heat  r^ected  and  abstracted  by  refrigerating  apparatus — 

H2  =  '2  (<p6-^«)  =  ^3-15  cj  -hyplogrrs  122*38 tj  •comlogr;...(10.) 

Mechanical  energy  exerted  on  piston — 

U  =  Hi-H2  =  (ri-T^(<p»-0  =  53a5(rj-r2)hyplogr 

=  122*38  (rj-T,)  com  log  r (11.) 

Efficiency  ofjluid  (as  in  the  general  case) — 

(12.) 


If  it  were  possible  to  perform  the  whole  cycle  of  operations  on 
the  air  in  one  cylinder,  the  space  to  be  swept  Uvroagh  by  the  piston, 
per  pound  of  air  per  stroke,  would  be  the  difference  between  the 
greatest  and  least  volumes  of  a  pound  of  air;  that  is  to  say, 


,._,.=,.{i_i(!.)""}t::!-!.5°^J5 
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and  the  sMon  ^ecHve  pretawre  would  be 

V      i>-(^-i)hypiog«- 

V^  "         '-         1  /r,\^l         0*-) 


-M^) 


There  may,  on  the  other  hand,  be  a  campresnng  pump  as  well 
as  a  working  cylinder,  the  air  being  supplied  to  the  pump  at 
the  pressure  and  volume  p„  v« ;  compressed  at  the  constant  absolute 
temperature  r^  iJb  the  pressure  and  volume  ^^,  v^;  compressed  with 
elevation  of  temperature  top^v^;  then  twmsferred  to  the  working 
cylinder,  and  expanded  at  the  constant  absolute  temperature  r^,  to 
the  pressure  and  volume  p^  r»;  then  expanded  with  depression  of 
temperature  back  again  to  p^y  i7«;  and  then  discharged.  In  this 
case  the  compressing  pump  and  working  cylinder  must  be  of  equal 
size;  and  the  piston  of  each  of  them  must  sweep  simply  through 
the  TPfl-'"TniiTn  volume 

V. (15.) 

per  pound  of  air  per  stroke,  giving  for  the  mean  ejQTectiye  pressure 

^  =  ft  (7;  -  1)  hyp  log  r (   16.) 

When  the  engine  takes  its  periodical  supply  from  the  external 
air,  p^  is  the  atmospheric  pressure. 

It  is  often  convenient  to  express  the  expenditure  of  heat  in  foot- 
pounds per  cubic  foot  swept  through;  that  is,  to  state  a  pressure  in 
pounds  on  the  square  foot,  which,  acting  on  the  piston,  would 
exert  energy  equivalent  to  the  heat  expended.  This  is  given  by 
the  formula 

-5^or5i, (17.) 

as  the  case  may  be. 

The  following  is  a  numerical  example : — 

Data. 

Batio  of  expansion,  r  e=  2. 

p^  =  2116'4  lbs.  on  the  square  foot. 

Temperatures  on  the  ordinary  scale,  T^  =  650''  F.     Tj  =  150**  F* 
Absolute  temperatures, r^  =  1111'2      ^-g  =  611'2. 
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Il£sui;rs. 

(-\  3-451  /•  \«-4a  1 

p  —  S  —  15-35  cubic  feet  per  lb. 

Then  by  equation  8 — 

Tbennodynamic  function  f »  -  ^.  =  122-38  X  -30103  =  36-84* 

By  the  fonnula  (6) — 

Pt,  =  16656;  vt,  =  3-546. 
By  the  fonnula  (7) — 

i>.  =  2i)»  =  33312;r.  =  J  =  W73; 

JP4  =  2  j>.  =  4232-8;  v*  =  |  =  7-675; 
By  equations  9,  10,  11 — 

^l.^Se^!'!!!!.!!!'.!!!"..'!!!}  ""^  x  ^e-s*  =  40.937 

Hj  =  heat  rejected, .' 611-2  x  36-84  =  22,517 


IT  =  energy  exerted  on  piston,., 

...     600  X  36-84  »  18,420 

By  equation  12 — 

Efficiency  of  fluid. 

••=  1^=  1111-2  =  ®*^ 

For  one  cylinder  acting  as  compressing  pump  and  working 
cylinder,  by  formula  13,  14— 

Space  swept  through  per  lb.  air  per  stroke — 

r,  —  r.  =  13-58  cubic  feet. 

Heat  expended  per  cubic  foot  swept  through — 

■   o  I.O  =  3014  lbs.  on  the  square  foot, 
lO'Oo 

Mean  effectiTe  pressure — 

■   «>  ^Q  =  1356  lbs.  on  the  square  foot  =  9-42  lbs.  on  the  square  inch. 

For  separate  ccnnpressing  pump  and  working  cylinder,  by  for- 
mulse  15,  16— 
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Space  swei)t  through  by  each  piston  per  lb.  air  per  stroke — 

r,  =  15*35  cubic  feet. 

Heat  expended  per  cubic  foot  swept  through — 

40937 

-    ^>  =  2666  lbs.  on  the  square  foot. 

Mean  effective  pressure— 

■     ^     «  1200  lbs.  on  the  square  foot  =  8*33  lbs.  on  the  square  inch. 

This  last  result  illustrates  one  of  the  practical  difficulties  attend- 
ing the  use  of  air  engines  in  which  the  changes  of  temperature  are 
to  be  effected  by  means  of  changes  of  volume,  viz.,  the  smallness  of 
the  mean  effective  pressure  compared  with  the  maximiun  pressure, 
and  the  ccnsequ  mt  great  bulk  and  strength  required  for  an  engine 
of  a  given  power.  In  the  supposed  example,  the  excess  of  the 
maximum  pressure,  p^  above  tnat  of  the  atmosphere,  is 

33312  -  2116  =  31196  lbs.  on  the  square  foot 

=  216'6  lbs.  on  the  square  inch; 

and  the  strength  of  the  cylinder,  and  of  other  parts  of  the  engine, 
must  be  adapted  to  sustain  this  great  pressure,  of  which  the  mean 
effective  pressure  is  only  about  one  twenty-sdxth  part 

The  better  to  illustrate  the  bulk  required  for  the  engine,  on  the 
supposition  of  there  being  a  sepai-ate  compressing  pump  and  work- 
ing cylinder,  it  may  be  observed,  that  the  volume  to  be  swept 
through  by  the  piston  in  its  effective  strokes  per  minute,  to  give  <m9 
indicated  horse-power^  would  be 

S  =  27i  cubic  feet 

273.  Perftct  Air  Bagtoc*  with  BefcaeratMPS,  !■  OeneniL — Fig. 
102,  Article  269,  may  be  taken  to  represent  the  general  case  of  the 
diagram  of  an  engine  of  this  class.  A  B,  D  C,  are  portions  of  two 
isothermal  lines,  being  common  hyperbolas;  A  D,  £  C,  are  portions 
of  a  pair  of  isodiabatic  lines,  of  any  figure  whatsoever,  but  con- 
nected together  by  the  condition  explained  in  Article  270. 

The  structure  of  a  regenerator,  or  heat  economizer,  has  already 
been  explained  in  Article  268. 

The  operations  undergone  by  the  working  mass  of  air  are 
represented  in  the  diagram  as  follows; —        Digitized  byXjOOoTc 
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C  D  represents  the  compression  of  the  air,  at  the  lower  limit  of 
absolute  temperature  r^  the  heat  produced  hj  the  compression 
being  abstracted  by  a  refrigerating  apparatus  of  some  kind. 

D  A  represents  the  series  of  changes  of  pressure  and  volume 
nndeigone  by  the  air  in  passing  through  the  grating  or  network  of 
the  regenerator;  which  having  been  previously  heated,  gives  out 
enough  of  heat  to  the  air  to  raise  it  to  the  higher  limit  of  absolute 
temperature  r^. 

A  B  represents  the  expansion  of  the  air  at  the  absolute  tempera- 
ture r^. 

B  G  represents  the  series  of  changes  of  pressure  and  volume 
undergone  by  the  air  in  passing  back  again  through  the  grating  or 
network  of  the  regenerator,  to  the  material  of  which  apparatus  it 
gives  out  so  much  heat  as  to  lower  its  own  absolute  temperature 
back  to  r^;  and  that  heat  remains  stored  in  the  regenerator  until 
employed  to  raise  the  temperature  of  the  air  at  the  next  stroke. 

By  thus  storing  and  restoring  a  certain  quantity  of  heat,  the 
alternate  lowering  and  raising  of  the  temperature  of  the  air  is 
effected  without  the  expenditure  for  that  purpose  of  any  heat  from 
the  furnace,  except  such  as  is  required  to  supply  the  waste  of  heat 
that  occurs  in  the  regenerator;  that  waste,  according  to  experi- 
ment, being  from  one-tmth  to  one-twentieth  of  the  whole  quantity  of 
heat  required  to  raise  the  temperature  of  the  air  at  each  stroke; 
which  quantity  of  heat,  per  pound  of  air,  has  the  following  value 
in  foot-pounds: — 

130-3  {ri-r^^fpd  r; (1.) 

in  which  I  pdv  denotes  the  area  between  one  of  the  isodiabatic 

lines  (as  A  D),  and  the  ordinates  let  isM  from  its  ends  perpendicular 

f      added     )  f  A ) 

toOXj  and  that  area  is  to  be  |  ^^^^^^^^^^ | according  as |  jj  j 

is  the  farther  from  O  T. 

£or  an  adiaboHc  line,  the  expression  1  becomes  =  0). 
the  air  engines  which  have  been  used  in  practice,  the  weight 
ofTruUerial  in  (he  regenerator  appears  to  have  bem  about  forty  times 
die  weight  of  the  aAr  passed  through  it  at  one  stroke. 

The  formule  for  the  relations  amongst  the  pressures,  volumes, 
and  temperatures,  for  the  expenditure  of  heat  in  expanding  the  air, 
the  energy  exerted  per  lb.  of  air  per  stroke,  and  the  efficiency,  are 
the  same  with  those  in  the  last  Article,  except  that  the  ratio, 

which  in  an  engine  without  a  regenerator  is  £xed  by  equation  i  of 

:2  a 
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Article  272,  becomes  arbitrary  in  an  engine  with  a  r^enerator. 
Hence  all  ihe  equations  of  Article  272  hold  in  the  preeait  case, 
except  4  and  its  consequences,  viz.,  5,  6,  13,  and  14;  instead  of 
whidi  we  have  simply  the  relations  given  in  the  formula  2  of  the 
present  Article. 

The  volume  swept  through  by  the  piston  per  pound  of  air  at  each 
stroke  cannot  be  less  than  the  difference  between  the  greatest  and 
least  volumes  of  the  air,  and  may  be  greater  to  an  extent  depending 
on  the  structure  and  mode  of  working  of  tiie  particular  engine. 

Particular  cases  of  that  structure  and  mode  of  working  will  be 
considered  in  subsequent  Articles;  meanwhile  the  dia^tmis  of 
energy  of  two  of  the  more  important  cases  are  presented  at  one 
view  in  fig.  103. 

In  that  figure,  A  B  A'  H  is  the  isothermal  line  of  the  higher 
limit  of  temperature,  and  D'C  D  C  that  of  the  lower.     A  D,  B  C, 


Rg.  108. 

are  a  pair  of  adiabatic  curves,  so  that  A  B  C  D  is  a  diagram  for  the 
case  already  considered  in  Article  272.  D  A',  C  H,  are  a  pair  of 
straight  lines,  each  corresponding  to  a  constant  pressure;  so  that 
A'  B'  C  D  is  the  diagram  of  an  engine  in  which  the  changes  of 
temperature  take  place  at  constant  pressures.  A  ly,  B  C,  are  a 
pair  of  straight  lines,  each  corresponding  to  a  constant  volume;  so 
that  A  B  C  D'  is  the  diagram  of  an  engine  in  which  the  changes  of 
temperature  take  place  at  constant  volumes. 

274.  Teiywafre  Chaiised  at  CoiMtaat  gi  i  — ■  v  —  BricMgwV 
Kmgtmm, — ^To  illustrate  the  structure  of  engines  whose  diagrams 
approximate  more  or  less  closely  to  A  B'  C  I)  in  &g.  103,  a  &etch 
of  the  principal  parts  of  Captain  Ericsson's  air  engine  (as  used 
about  the  year  1852)  is  given  in  fig.  104,  which  is  a  vertical  section 
of  a  single  acting  land  engine  of  that  kind. 

B  is  the  working  cylinder,  placed  over  the  furnace  H.    This 
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cylinder  consists  of  two  parts;  the  upper  part,  accnrately  turned, 
in  which  the  piston  works,  and  the  lower  part,  less  aocuratdr 
made,  and  of  somewhat  laiger 
diameter,  in  which  the  air  re- 
ceives heat  fix)m  the  fiimace. 

A  is  the  piston  of  that  cylin- 
der, consisting  of  two  parts.  The 
upper  part  is  accurately  fitted, 
and  provided  with  metallic  pack- 
ing, so  as  to  work  air-tight  in  the 
upper  part  of  the  cylinder.  The 
lower  part  is  made  of  the  same 
shape  with  the  lower  part  of  the 
cylinder,  but  of  less  cfimensions, 
80  as  nearly  to  fit  the  cylinder, 
but  without  touching  it  This 
lower  part  is  hollow,  and  is 
filled  with  brick  dust^  fragments 
of  fire  clay,  or  some  such  slow 
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conductor  of  heat  The  object  of  this  is  to  resist  the  transmission 
of  heat  to  the  upper  parts  of  the  cylinder  and  piston,  and  especially 
to  the  packing,  in  oi^er  that  tl^e  bearing  sur&ces  of  the  cylinder 
and  packing  may  be  kept  cool.  The  cover  of  the  cylinder  B  has 
holes  in  it  marked  a,  to  admit  the  external  air  to  the  space  above 
the  piston. 

D  is  the  compressing  pump,  being  a  cylinder  standing  on  the 
cover  of  the  working  cylinder.  C  is  the  piston  of  the  compressing 
pump,  connected  with  the  piston  A  by  three  or  by  four  piston  rods, 
of  which  two  are  shown,  and  marked  cL  The  space  below  the 
piston  D,  and  above  the  piston  A,  forms  one  continuous  cavity, 
commimicating  freely  with  the  external  air  through  the  holes  a. 
E  is  the  upper  piston  rod,  by  which' the  pistons  C  and  A  are  con- 
nected with  the  mechanism.  That  rod  traverses  a  stuffing  box  in 
the  cover  of  the  compressing  pump. 

The  compression  of  the  air  takes  place  in  the  upper  part  of  the 
compressing  pump.  The  air  enters  through  the  admission  clack  c, 
is  next  compressed,  and  is  then  forced  through  the  discharge  daok  e 
into  a  receiver  or  magazine  of  compressed  air,  F. 

G  is  the  regenerator,  being  a  box  containing  several  layers  of 
wire  gauze,  which  are  traversed  by  the  air  when  it  enters  and  leaves 
the  working  cylinder. 

h  is  the  induction  valve,  and/ the  eduction  valve,  both  worked 
by  the  mechanism  of  the  engine.  When  b  is  opened,  air  is  admit- 
ted fix)m  the  receiver  F  through  the  regenerator  into  the  cylinder, 
and  lifts  the  piston  A.    After  a  portion  of  the  stroke  has  been  per- 
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^(Mrmed,  b  is  ahut,  and  the  admission  of  air  cut  off;  the  remainder 
^  the  stroke  of  ihe  piston  A  is  performed  by  the  expansion  of  the 
air.  During  the  return  stroke,  the  eduction  yalve/is  kept  open, 
and  the  air  driven  out  through  the  regenerator,  and  through  the 
exhaust  pipe  g^  into  the  atmosphere. 

The  ratio  c^  the  sixes  of  the  compressing  pump,  and  of  the  work- 
ing cylinder,  ought  to  be  that  of  the  absolute  temperatures  of 
leoeiving  and  rejecting  heat;  that  is, 

compressing  pump      t^  ... 

working  cylinder       r^ **"^  '' 

As  the  lengths  of  their  strokes  are  the  same,  the  aboTe  ratio  is 
that  of  the  areas  of  their  pistons. 

Keferring  back  to  fig.  103  in  the  last  Article,  the  diagram 
A'  K  0  D  may  be  taken  to  represent  the  action  of  one  lb.  of  air 
during  one  stroke  in  this  engine,  when  the  conditions  of  maximum 
efficiency  between  given  limits  of  temperature  are  fulfilled.  Pro- 
duce A'D  to  £,  and  B'O  to  F.  Then  ED  OF  is  the  diagram  of 
the  compressing  pump,  and  £  A'  H  F  the  diagram  of  the  working 
cylinder.  F  0  represents  the  admission  of  the  air  from  the  atmo- 
sphere into  the  compressing  pump  at  the  atmospheric  pressure  p«; 
€  D  its  compression  in  that  pump  at  the  constant  absolute  tem- 
perature r^  Tintil  its  pressure  is  raised  to  p^  the  heat  produced  by 
the  compression  being  dissipated  by  conduction,  or  taken  away  by 
some  re&igerating  apparatus.  Owing  to  the  elevation  of  tempera- 
ture required  in  order  to  cause  this  heat  to  be  given  out  as  rapidly 
as  it  is  produced,  r^  is  always  higher  than  the  temperature  of  the 
external  air,  but  to  what  extent  is  uncertain. 

D  E  represents  the  expulsion  of  the  air  firom  the  compressing 
pomp  into  the  receiver. 

E  A',  the  admission  of  the  air  into  the  working  cylinder,  when, 
by  its  passage  through  the  regenerator,  its  absolute  temperature  is 
laised  to  r^  and  its  volume  increased  from  v^  to  v^ 

In  order  that  the  operations  represented  by  D  E  and  E  A'  may 
be  performed  without  any  sensible  falling  off  in  the  pressure,  the 
engine  ought  to  be  triple,  or  still  better,  quadrvple  (like  that  which 
was  tried  in  the  steamer  ''  Ericsson"^,  consisting,  in  the  latter  case, 
of  a  set  of  four  cylinders,  each  with  its  own  compressing  pump,  all 
driving  the  same  shaft,  and  communicating  with  the  same  receiver, 
and  making  their  strokes  in  succession  at  intervals  of  a  quarter  of 
a  revolution.  This  arrangement  is  desirable  also  in  order  to  obtain 
steady  motion. 

A'  K  represents  the  expansion  of  the  air  in  the  working  cylinder 
after  its  admission  is  cut  off,  at  the  constant  absolute  temperature 
v-p  until  the  pressure  returns  to  the  atmospheric  pre^g^^eQThe  heat 
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required  for  this  expansion  is  supplied  by  the  furnace  through  the 
bottom  of  the  cylinder. 

£'  F  represents  the  final  expulsion  of  the  air,  in  the  course  of 
which  it  traverses  the  r^enerator  in  the  reverse  direction,  and 
transfers  to  the  wire  gauze  a  quantity  of  heat  which  is  used  at  the 
next  stroke  to  raise  l£e  temperature  of  the  next  mass  of  air. 

The  following  are  the  formula  appropriate  to  this  class  of 
engines: — 

Data. 

r^y  temperature  at  which  heat  is  received  by  the  air  from  the 
furnace,  and  the  air  expanded. 

^2,  temperature  at  which  the  air  is  compressed,  and  heat  ab- 
stracted. 

p^  atmospheric  pressure^  if  the  engine  draws  its  air  directly 
from,  and  discharges  its  air  directly  into  the  atmosphere,  as  in  the 
engine  just  described. 

r,  ratio  of  expansion  at  constant  temperature. 

Results, 

all  of  which  have  reference  to  one  stroke  of  one  pound  of  air,  pres- 
sures in  pounds  on  the  square  foot,  and  volumes  in  cubic  feet — 


Fressurea, 


^  =  ^'^      I (2.) 

P4=P^  =  rp,i 


IT  7                                               53-15  rg 
VolitmeSf  v^  = ; 

P4 

r.  53*15  r. 

n  =  -^  r,  =  — —J 

^2  P* 


r '    -      r 


^2 


'd' 


(3.) 


Thermodynamic  Junction,  as  in  Article  272 — 

0^-<Pa  =  5315  hyp  log  r  =  122-38  com  log  r (4.) 

Eoependiture  of  heat  in  expanding  the  air^  as  in  Article  272 — 

Hjt  =  122-38  ri  com  log  r (5.) 

ffeai  rejected  during  tlte  compression  of  the  air — 

Hg  =  122-38  rg  com  log  r (6.) 

Me(^nical  energy,  as  in  Article  272—     .^^^.^^^  ^^  Googlc 

U  =  122-38  (rj  -  Tg)  com  log  r (7.) 
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Efficiency,  supposing  no  heat  toasted,  as  in  Article  272— 

H^  =  '^' (8.) 

Heat  stored  and  restored  by  regenerator,  in  fooi-lbs. — 

K,  {^,  -c^  =  188-45  (t,  -  c^ (9.) 

If,  according  to  Mr.  Siemens's  experiments,  one-ttoentieth  of  this 
quantity  of  heat  is  wasted,  the  efficiency  will  be  diminished  to 

Hi  +  9-17(,i-,^ ^^^-^ 

But  from  experiments  made  by  Professor  Norton  on  the  ship 
''  Ericsson,**  it  seems  probable  that  the  waste  in  the  regenerator 
was  more  nearly  one-tenth  than  one-twentieth  of  the  heat  stored; 
and  in  that  case  we  have  for  the  diminished  efficiency 

Hi  +  18-35  (r^-rg) ^^^  ^^ 

Volume  swept  through  by  the  piston  A,  per  pound  of  air  per 
stroke — 

=f» (11.) 

Mean  ^ective  pressure,  per  unit  of  area  of  the  piston  A — 

E  -  p^ .  TlSHi  .  hyp  log  r  =  2-3026  j9.  •  ^^^^  com  log  r...  (12.) 

Heat  ea^pendedper  cfubicfoot  swept  through,  not  including  waste — 

-A  -=p^  hyp  log  r  =  2-302Gjp,  com  log  r. (13.) 

The  same,  with  the  addition  of  the  supposed  waste  from  the 
T^enerator — 

n 

=  j»y2-3026  com  log  r  +  3-451  m  ^^"^^ (14.) 

m  is  the  fraction  which  is  wasted  of  the  whole  heat  stored  by  the 
regenerator,  being  from  one-tenth  to  one-twentieth. 

In  the  following  numerical    example,   the  proportion  of  the 

-working  cylinder  to  the  compressing  pump,  v^ :  v^  and  the  ratio  of 

•pansion,  t?» :  v.  =  r,  are  those  of  the  air  engines  of  the  "Ericsson;" 
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bnt  the  temperatures  of  receiving  and  rejecting  heat,  and  the 
atmospheric  pressure,  are  merely  assumed  as  probable.  The  waste 
of  heat  in  the  regenerator  is  assumed  at  one-tentL 

Data. 

T2=122^;  rj  =  083^.2; 

Ti  =  413**-6;  r^  =  874*'-8; 

p,  =  2116-4; 

r  =  l-54;  ^  =  15. 

Bbsults. 
Pi  =  2116-4;  p^  =zp^  =  3259-3. 


PresmreB — 


Volumes — 

f%  =  14-65;  v^  (greatest  volume)  =  21-97; 

v^  =  9-51;  v.  =  14-27. 

ThermodyTiarnicJuTicHon — 

(Tj  ^  <p.  =  122-38  X  0-1875  =  22-95. 

Foot-lbs. 
Latent  heat  ofexpamim, Hj  =  874-8  x  2295  =  20077 

IT   *      ^^1.                ,                  183-45  X  29r-6        ^^.^ 
Heat  ivaatea  by  regenerator, •.. r^r =    0349 


Whole  heat  expended  per  lb.  of  air  per  stroke, 25426 

Heatr^ected, Hjj  =  583-2  x  22-95      13385 

Mechmdccd  energy  per  lb.  air  per  stroke— 

17  =  29r-6  X  22-95        6692 
Efficiency  offiuid,  supposing  no  heat  wasted,  J. 
Efficiency  of  fluid,  estimating  heat  wasted  as  above— 

.^^  =  0-263. 
254:26 

Mean  effective  pressure — 

6692 

^■.  Q    =  305  lbs.  on  the  square  foot  =  2-12  Iba  on  the  square  inch. 
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The  air  engines  of  the  **  Ericsson  **  had  four  working  cjlinders, 
each  of  14  feet  in  diameter,  so  that  the  joint  area  of  their  pistons 
iras 

154  X  4  r=  616  square  feet 

The  length  of  stroke  was  6  feet ;  the  number  of  reyolutions  per 
minute  9 ;  hence,  according  to  the  above  computation  of  the  mean 
effective  pressure,  the  energy  exerted  by  the  fluid  on  the  piston  was 

305  X  616  X  6  X  9  =  10,145,520  foot-lbs.  per  minute ; 
or  307  indicated  horse-power. 

In  Professor  Norton's  report,  the  indicated  horse-power )  qq^ 
of  those  engines  is  stated  to  have  been j 

Difference, 7 


Vohtme  to  be  ttoept  through  by  the  toorking  pisUma  per  tncKctUed 

horee-potoer — 

33000 

-5^—  s:  108  cubic  feet  per  minute; 

bj  the  compressing  pistons,  72  cubic  feet  per  minute. 

These  results  show  the  excessive  bulk  of  the  air  engines  of  the 
** Ericsson"  in  proportion  to  their  power;  being  the  cMef  obstacle 
to  their  use  for  marine  propulsion. 

According  to  Professor  I^orton,  the  quantity  of  fuel  (anthracite) 
consumed  in  those  engines  per  indicated  horse-power  per  hour,  was 

1-87  lb. 

This  gives,  for  the  dtUy  of  one  lb.  of  anthracite, 

1,980,000      ,  ^^^  ^^^  ^ 
Vo>r-  =  1,059,000  foot-lbs. 
1-87 

A  probable  estimate  of  the  theoretical  evaporative  power  of  the 
anthracite  used  is  14  lbs.  of  water  evaporated  from  and  at  212°, 
which  gives  for  the  mechanical  equivalent  of  the  total  heat  of  com- 
bustion of  1  lb.  of  the  fuel 

10,440,000  foot-lbs. 

Hence  the  resuUarU  efficiency  of  the  furnace  and  fluid  appears  to 
have  been 

1,059,000 

10,440,000 

The  probable  efficiency  of  the  fluid  has  already  been  computed  to 
have  been  0-263;  hence  the  pi-obable  efficiency  of  the  furnace  was 
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0-1014 


0-2C3 


=  0*4  nearly; 


being  about  equal  to  the  lowest  efficiency  of  steam  boiler  furnaces. 
The  heating  sur&u^  in  the  engines  of  the  "  Ericsson  "  consisted 
simply  of  the  bottoms  of  the  cylinders,  and  amounted  in  round 
numbers  to  about  700  square  feet  The  consumption  of  fuel  per 
hour  was  560  lbs.  Employing  these  data  in  equation  2  of  Article 
234,  and  making  B  =  H»  A  =  0*5  (or  taking,  in  the  table  of  page 
295,  the  efficiency  corresponding  to  S  -f-  F  =  1-25),  we  find  for  the 
efficiency  of  a  steam  boiler  fwmace  having  the  same  area  of  heating 
surface,  and  burning  fuel  at  the  same  rate, 

0-71. 

The  difference  between  this  and  0*4  must  be  ascribed  to  the 
great  inferiority  of  air  to  boiling  water,  as  a  medium  for  the  oomr 
vedion  of  he(U, 

It  appears  finom  the  preceding  calculations,  that  notwithstanding 
the  low  efficiency  of  the  furnace  in  Ericsson's  air  engine,  the  effi- 
ciency of  the  fluid  was  so  great  as  to  give  a  resultant  efficiency 
superior  to  that  of  almost  all  steam  engines  at  the  time  of  the 
experiments  referred  to. 

The  difficulty  arising  from  the  great  bulk  of  the  engine  compared 
with  its  power,  might  be,  and  probably  has  been  already,  obviated 
to  a  certain  extent,  by  making  the  engine  draw  its  supply  of  air 
from,  and  deliver  the  air  from  the  eduction  valve  /  into,  a  second 
receiver  containing  compressed  air  at  a  lower  pressure  than  that  of 
the  air  in  the  receiver  F.  In  this  case,  p^  =zp^  would  denote  the 
pressure  of  the  air  in  the  second  receiver,  exceeding  the  atmo- 
spheric pressure  in  an  arbitrary  ratio;  ^^  =^.  =  rp„  as  before, 
would  denote  the  pressure  in  the  first  receiver  F;  and  the  mean 
efiective  pressure  would  be  increased,  and  the  space  to  be  swept 
through  by  the  piston  per  horse-power  per  minute,  and  conse- 
quently the  bulk  of  the  engine,  would  be  diminished,  in  the  ratio 
of />«  to  the  atmospheric  pressure. 

The  engine,  as  thus  altered,  would  require  to  be  provided  with  a 
small  compressing  feed  pump,  to  draw  from  the  atmosphere  and 
force  into  the  second  receiver  enough  of  air  to  supply  the  loss  by 
leakage. 

A  refrigerator,  consisting  of  tubes  with  a  current  of  cold  water 
forced  through  them,  or  other  suitable  apparatus,  would  be  needed, 
in  order  to  abstract  from  the  air  passing  from  the  r^enerator  to 
the  second  receiver,  the  heat  which  the  regenerator  fails  to  absti-act 
from  it,  by  reason  of  the  imperfection  of  its  action;  being  in  &ct, 
the  waste  heat  of  the  regenerator  already  referred  to. 
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It  might  also  be  necessaiy  to  surround  the  compressing  pump  D 
with  a  casing  containing  a  current  of  cold  water^  to  abstract  the 
heat  produced  by  the  compression  of  the  air ;  because,  owing  to 
the  diminished  size  of  that  cylinder,  the  abstraction  of  tiie  heat  by- 
means  of  its  contact  with  the  external  air  might  not  be  sufficiently 
rapid. 

Some  means  would  haye  to  be  adopted  to  augment  the  heating 
sur£M»  exposed  to  the  fumaoe  by  the  woi^ing  cylinder,  without 
inoonyeniently  increasing  the  space  occupied  by  the  engine.  A 
contrivance  proposed  for  that  purpose  will  be  described  at  the  end 
of  the  next  Article. 

275. 


—Napier  audi  BaaklM's  Air  IIcmot,— In  fig.  103,  Article  273, 
A  B  Cr  D*  represents  the  diagram  of  a  perfect  engine  of  the  class 
now  Tinder  consideration.  A  B  represents 
the  expansion  of  the  air  at  the  constant 
absolute  temperature  r^;  B  C,  the  lower- 
ing temperature  of  the  air  by  transmission 
through  a  regenerator,  at  the  constant 
volume  t^  =  i;«;  CD',  the  compression  of 
the  air,  at  the  constant  absolute  tempera- 
ture r2;  IV  A,  the  raising  the  temperature 
of  the  air,  at  the  constant  volume  v^  ^sz  v« 


B 


r 

This  mode  of  regulating  the  operations 
_.    ^-  Tindergone  by  the  air  is  suitable  for  an 

^^  engine  in  which  the  same  individual  maas 

of  air  is  kept  constantly  confined  within  an  enclosed  space  of 
variable  volume:  an  arrangement  fiivourable  to  compactness,  as 
the  air  can  be  used  at  any  pressure  consistent  with  safety.  To 
show  the  general  nature  of  tiie  apparatus  by  means  of  which  the 
air  is  so  treated,  ^  105  is  a  vertical  section  of  the  principal 
parts  of  the  air  engine  invented  by  Dr.  Bobert  Stirling,  and 
improved  by  Mr.  James  Stirling.  DOABACD  is  the  air 
receiver,  or  heating  and  cooling  vessel;  G  is  the  cylinder,  with  its  . 
piston  H.  The  receiver  and  cylinder  communicate  freely  through 
the  nozzle  F,  which  is  at  all  times  open  while  the  engine  works. 

Within  the  receiver  is  an  inner  receiver  or  lining  of  a  similar 
figure,  so  fiff  as  it  extends,  viz.,  from  B  to  C  C.  Thehemispherical 
bottom  of  this  lining  is  pierced  with  many  small  holes,  and  the 
space  between  it  and  the  bottom  of  the  outer  receiver  is  vacant. 
From  A  A  up  to  C  C,  the  ftimnlftr  space  between  the  outer  receiver 
and  its  lining  contains  the  regenerator;  being  a  grating  composed 
of  a  series  of  thin  vertical  oblong  strips  of  metal  or  glass,  with 
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narrow  passages  between  them.  The  inner  sur&oe  of  the  cylin* 
drical  part  of  the  lining,  from  A  A  up  to  C  C,  is  turned,  and  the 
plunger  E  moves  yerti<»Jly  up  and  down  within  it,  fitting  easily, 
so  as  to  leave  the  least  space  possible  without  causing  perceptible 
friction.  This  plunger  ia  hollow,  and  filled  with  brick  dust,  or 
some  such  slow  conductor  of  heat. 

The  space  from  C  0  to  D  D  between  the  barrel  of  the  receiver 
and  the  concave  part  of  its  cover,  and  above  the  upper  edge  of  the 
lining,  contains  the  "  refrigerator,^'  which  consLsts  of  a  horizontal 
ooil  of  fine  copper  tube,  through  which  a  current  of  oold  water  is 
forced  by  a  pump,  not  shown  in  the  figure. 

There  is  an  air  compressing  pump,  not  shown,  which  forces  into 
the  nozzle  F  enough  of  air  to  supply  the  loss  by  leakage. 

The  hemispherical  bottom  A  B  A  of  the  receiver  forms  the  heat* 
ing  sufisioe  which  ia  exposed  to  the  furnace. 

The  effect  of  the  alternate  motion  of  the  plunger  E  up  and  down 
is  to  transfer  a  certain  mass  of  air,  which  may  be  called  the  working 
oAr,  alternately  to  the  upper  and  lower  end  of  the  receiver,  by 
making  it  pass  up  and  down  through  the  regenerator  between  A  A 
and  G  0.  The  perforated  hemispherical  lining  of  the  bottom  of 
the  receiver  causes  a  division  and  rapid  circulation  of  the  air  as  it 
passes  into  the  lower  end  of  the  receiver,  and  thus  fisunlitates  the 
convection  of  heat  to  it^  for  the  purpose  of  enabling  it  to  undergo 
the  expansion  represented  by  AB  in  fig.  103;  during  which 
expansion  it  lifts  the  piston  H.  The  descent  of  tfa^  plunger  causes 
the  air  to  return  through  the  regenerator  to  the  upper  end  of  the 
receiver.  It  leaves  the  greater  part  of  the  heat  corresponding  to 
the  range  of  temperature  t^  •  tj,  stored  in  the  plates  of  the  regen- 
erator. The  remainder  of  that  lieat  (being  the  heat  wasted  by  the 
imperfect  action  of  the  regenerator^  is  abstracted  by  the  r^Hgerator, 
wluch  also  abstracts  the  heat  proauced  by  the  compression  of  the 
air  when  the  piston  H  descends.  The  heat  stored  in  the  regenera- 
tor serves  to  raise  the  temperature  of  the  air,  when,  by  the  lifting 
of  the  plunger  E,  it  is  sent  back  to  the  lower  end  of  the  receiver. 

The  mechanism  for  moving  the  plunger  E  is  so  adjusted,  that 
the  up  stroke  of  that  plunger  takes  place  when  the  piston  H  is  at 
or  near  the  beginning  of  its  forward  stroke,  and  the  down  stroke  of 
the  plunger  when  the  piston  H  is  at  or  near  the  b^inning  of  its 
back  stroke. 

The  diagram  represents  a  single  acting  engine.  In  a  double 
acting  engine,  the  other  end  of  the  cylinder  G  is  connected  with 
another  air  receiver  similar  to  that  shown,  and  the  plungers  of  the 
two  receivers  are  made  to  move  in  opposite  directions  to  each  other. 

Besides  the  toorking  air,  there  is  obviously  a  mass  of  air  which 
does  not  pass  up  and  down  through  the  regenerator,  but  merely 
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passes  into  and  out  of  the  cylinder  G  and  nozzle  F.  This  mass  of 
air  remains  always  nearij  at  the  lower  absolute  temperature  r^ 
and  is  not  the  means  of  transforming  heat  to  mechanioal  energy, 
but  merely  of  tpransmitting  pressure  and  motion  between  the  woric- 
ing  air  and  the  piston.  &e  piston  and  cylinder  being  always  cool, 
can  be  lubricated  with  oil  without  the  ride  of  deoon^xMsng  it;  and 
the  piston  rod  can  be  made  to  work  through  a  leather  collar.  (For 
details  respecting  this  engine,  see  Froceedings  of  the  IrutUuUon  <if 
Civil  Engineers,  1854.) 

The  general  theory  of  the  action  of  a  mass  of  elastic  fluid  in  a 
heat  engine  as  a  cushion  between  the  working  fluid  and  the  piston, 
has  alreEuly  been  given  in  Article  262.  The  application  of  thai 
theory  to  the  present  case  is  shown  in  fig.  106. 

Let  A  B  C  D  be  the  real  diagram 
of  one  lb.  of  the  working  mass  of 
air,  so  that  P  B  =  Q^=»j=r,re- 
presents  its  greatest  volume  in  cubic 
feet  per  lb.  This  represents  the 
space  below  the  plunger  of  the  re- 
ceiver when  it  is  at  the  top  of  its 
stroka  Add  a  space  equal  to  the 
volume  of  the  air  contained  in  the 
port  F,  in  the  clearance  below  the 
piston  H,  in  the  spaces  between  the  coils  of  the  refrigerating  tube, 
and  in  those  of  Hhe  upper  half  of  the  regenerator;  the  sum  will  be 
the  whole  space  filled  with  air  when  the  piston  H  is  at  the  end  of 
its  back  stroke  and  beginning  of  its  forward  stroka  Through  A 
draw  N I  parallel  to  OX  to  represent  that  space;  then  A I  repre- 
sents the  volume  of  the  cushion  air  when  it  is  under  the  greatest 
pressure.  Make  N  E  =  AI,  and  make  E F H G  an  isothermal 
curve;  that  is,  a  common  hyperbola,  the  product  of  whose  rectan- 
gular co-ordinates  ONxNE,OPxPF,  &a,  is  constant  Draw 
P  B  F,  R  D  H,Q  0  G,  parallel  to  O X,  and  make  FE  =FP, 
DH  r=  KS,  0  L  =  QG;  then  K,  L,  M,  and  the  point  I  formerly 
found,  will  be  the  comers  of  the  actual  diagram  of  the  cylinder; 
and  any  number  of  intermediate  points  in  that  diagram  can  be 
found  in  a  similar  manner.  The  volume  to  be  swept  through  by  the 
piston  per  pound  o/adrper  stroke  is  represented  by 

QL-NT 

The  ratio  of  the  weight  of  the  cushion  air  to  the  weight  of  the 
working  air,  being  that  of  the  volumes  of  those  masses  of  air  at  the 

same  temperature,  is  oigtizedbyGoOQlc 

QG-QO.  ^ 


Tig.  106. 
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The  algebraical  expression  of  these  principles  will  be  given  after 
the  fonnultt  relating  to  the  efficiency  of  the  fluid. 

The  actual  indicator  diagram  described  by  Stirling*8  air  engine 
was  an  oval,  resembling  the  figure  I  K  L  M  with  the  comers 
rounded  oS.  This  must  be  ascribed  partly  to  the  fact^  that  the 
operations  actually  performed  on  the  working  air,  are  only  approxi- 
mately represented  Vy  the  figure  A  B  C  D,  the  heating  and  cooling 
not  taking  place  exactly  at  constant  volumes,  nor  the  expansion 
and  compression  exactly  at  constant  temperatures,  and  partly  to 
the  inertia  of  the  piston  and  other  moving  parts  of  the  inmcator. 

The  following  are  the  formulse  appropriate  to  the  class  of  engine 
now  under  consideration : — 

Data. 

r,,  absolute  temperature  of  receiving  heat,  and  expanding  the 
wor  jdng  air. 

rp  absolute  temperature  of  compressing  the  working  air,  and 
rejecting  heat. 

Pmt  greatest  pressure. 

r,  ratio  of  expansion. 

q,  ratio  of  volume  of  clearance  and  passages  to  greatest  volume 
of  working  air^ 

In%106,|i  =  l+g'. 

Results, 
per  lb.  of  working  air  per  stroke — 


Fre88itre9 —  p^sz^; 

^  _P«    •'2.  «  _^  , 


r 


'^i 


.(1.) 


Fclumei  of  one  lb.  o/uforking  air — 

5315  r 

v«  =  «'4  =  — — -^;  r»=v.  =  rt;. (2.) 

P* 

Therfnocfyimmic/uncUon — 

f^  -  f.=:  53*15  hyp  log  r  =  122*38  com  log  r (3.) 

Expenditure  o/heat  in  expafndvng  the  a/ir-^ 

Hi  =  122-38  r^  com  log  r ,^m^^Go<Me 
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WoiU  heat  of  regenerator — 

•»^(«l-''2) 


{m  =  from  iV  to  ,V?  K»  =  130-3). 
Heat  rejected  durirtg  the  compression  of  the  air — 

Hj  =  122-38  •  rj  .  com  log  r..... 
Mechamcal  energy — 

17=  122-38  (r^-Tj) com logr.... 
Efficiency,  if  m  =  A  nearly — 

U 


.(5.) 


..(6.) 
.(7.) 

.(8.) 


.(9.) 


.(10.) 


Hi+13(r,-c,) 

The  following  formulae  have  reference  to  the  volume  of  the 
cushion  air,  and  of  the  whole  air,  working  air  and  cushion  air 
together,  per  lb,  oftoorking  air;  and  the  small  letters  affixed  to  the 
letter  v  refer  to  the  points  marked  with  the  corresponding  capital 
letters  in  fig.  106  :— 

Least  total  volume  qfair — 

t;,  =  (l+g)r, 

Volume  of  cushion  air — 

t,,=  J;r,  =  rJ,;,=:^t.,{(l  +  g)r-l|. 

Total  volumes — 

n  =  n  +  tV;  v^  =  V4  +  Vf^; 

Vi=:V,  +  V, 

=..((x+,),.a-a+,}. 

Hatio  of  cushion  air  to  toorking  air — 

|=^;{c+»)-}- 

Volume  swept  through  by  thepieton  per  lb.  of  air  p»  stroke 

-V        ir  x-  t~  Digitized  by\jOOgIC 


.(11.) 


.(12.) 
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..-..  =  ..{(r-l):;+g(rf;-l)} (IS.)" 

Mean  effective  preeeure — 

-^ 04.) 

The  quantities  taken  as  data  in  the  preceding  set  of  fonnulsB  are 
those  which  would  probably  be  given  for  a  proposed  engine.  In 
the  case  of  an  existing  engine,  and  sometimes  in  the  case  of  a  pro- 
posed engine  also,  the  ratio  of  expansion  r  may  at  first  be  unknown ; 
and  instead  of  it  these  may  be  given,  the  proportion  of  the  space 
swept  through  by  the  piston  to  the  space  swept  through  by  the 
plunger,  viz., 

In  this  case,  the  following  formula,  deduced  fiN>m  equation  13, 
serves  to  determine  the  ratio  of  expansion : — 

'=Ti-Jr;C^+0+'}' 0^ 

which  having  been  found,  all  the  formulse  can  be  used  as  already 
given. 

In  the  following  numerical  example,  the  data  are  taken  from  the 
account  by  Mr.  James  Stirling,  in  the  Froceedmga  of  the  InstitiUum 
of  Civil  Engineers,  for  1845,  of  an  air  engine  wluch  worked  for 
several  years  at  the  Dundee  foundry : — 

Data. 

Ti  =  650^;  ^1  =  111 r-2. 

T2  =  150°;  ^2  =  611-2. 

JO.  =  240x144  =  34,560. 

q,  roughly  estimated  at  0-05. 

Besults. 
r  =  j^ 1 0-55  (0-5  +  005)  +  1 }  =  1-24. 
p,  =  27870;  p.  =  15330;  p,  =  1900% Google 
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r.  =  r4  =  1-709;  r»z=  r.=  2119. 
f»  -  ^.  =  122-38  X  0-09517  =  11-647. 

Latent  heat  of  expansion, H^s  11-647  x  1111-2  =  12942 

Waste  heat  of  regenerator, 13  x  500=   6500 

Whole  heat  expended  per  lb.  of  air  per  stroke, 1 9442 

Bejected  heat, H,  =  11-647  x  611-2        7119 

Mechanical  energy  per  lb.  air  per  stroke — 

U  =  11-647x500=  5823 

■TQAA 

Efficiency  offlvid^         19443  ~  ^*^' 

Volume  swept  by  piston  per  lb.  of  air  per  stroke — 
Vi-v,  =  2-119  -J-  2  =  1-06  cubic  feet. 
Mean  ^(octioe  prestfwre — 

U  5823       ^,o»r>i.         XI.  ^   X 

=:  TTTiT  =  o«37  lbs.  on  the  square  foot 

Vi-Vi       1-06  * 

=:  37*75  lbs.  on  the  square  inch. 

The  engine  to  which  these  calculations  refer  was  double  acting, 
with  a  cylinder  of  16  inches  diameter,  and  4  feet  length  of  stroke, 
making  28  revolutions  per  minute. 

Hence,        area  of  piston  =  200  square  inchee;  and 

Energy  exerted  by  air  on  piston  per  minute,  as  found  by  calcula- 
tion— 

=  37-75  X  200  X  4  x  28  X  2  =  1,691,200  foot-lba. 

The  work  actually  performed  against  a  friction 

brake  dynamometer  per  minute  was, 1,500,000 

And  the  work  performed  against  the  friction  of 
the  engine  when  unloaded,  having  been  found 
to  be  one-ninth  of  the  useful  work,  or. 166,667 

The  energy  exerted  by  the  air  on  the  piston  per 
minute  is  found  from  the  experiments  to  have 
been 1,666,667 

The  difference  between  theory  and  experiment,....  24,533 

iB  pructicaUy  ^.important  o„.e..,GoOgle 
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The  work  expended  on  the  friction  of  the  engine  is  estimated  at 
one-tenth  of  the  whole  energy  exerted  by  the  air;  because  it  was 
found  that  when  the  receivers  were  charged  with  air  at  about  one- 
tenth  of  the  ordinary  working  density,  the  power  of  the  engine  was 
just  sufficient  to  enable  it  to  move  unloaded. 

The  following  is  a  comparison  between  theory  and  experiment, 
as  to  the  quantity  of  heat  abstracted  by  the  refrigerating  appara- 
tus:— 

By  theory,  the  efficiency  of  the  fluid  in  the  engine  is  found  to 
have  been  0*3;  that  is,  three-tenths  of  the  whole  heat  received  by 
the  fluid  were  converted  into  mechanical  energy,  leaving  seven- 
tenths  to  be  abstracted  by  the  refrigerator.  Therefore,  the  heat 
abstracted  by  the  refrigerator  exceeded  the  heat  converted  into 
mechanical  energy  in  the  ratio  of  7  to  3.  The  mechanical  eneigy 
exerted  by  the  fluid  was  1,691,200  foot-lb&  per  minute.  Therefore 
the  heat  abstracted  by  the  refrigerator  per  minute  was 

1,691,200  X  -  =  3,946,000  foot-lbs. 
3 

Mr.  Stirling  states,  that  the  quantity  of 
water  passed  through  the  refrigerator 
was  4  cubic  feet;  that  is,  250  Iba  per 
minute,  and  that  its  temperature  was 
raised  from  16®  to  18**  by  the  heat  whicli 
it  abstracted.  Take  IT"*  as  the  average 
elevation  of  its  temperature;  then,  as  the 
dynamical  specific  heat  of  water  is  772 
foot-lbs.,  we  have,  for  the  heat  abstracted 
by  this  quantity  of  water,  250  X17X722S  3,281,000      „ 

Diflerence '      665,000 

or  about  one-sixth  of  the  greater  quantity. 

This  diflerence  may  be  partly  accounted  for  by  the  fact,  that  part 
of  the  heat  abstracted  from  the  working  air  must  have  ))een  con- 
ducted through  the  covers  and  the  upper  portions  of  the  sides  of 
the  receivers  to  the  external  air,  without  aflecting  the  water  in  the 
coils  of  tube.  It  is  possible,  also,  that  the  waste  of  heat  through 
imperfect  action  of  the  regenerator  may  have  been  over-estimated 
in  the  theoretical  calculation. 

The  energy  exei'ted  by  the  fluid  in  an  hour  was 

1,666,667  X  60  =  100,000,000  foot-lbs. 

The  fuel  consumed  in  12  hours  was  1000  lbs.,  or  83*3  lbs.  per 
hour,  so  that  the  vidiccUed  dviy  of  one  lb.  of  coal  was 

2b 
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100,000,000 


=  1,200,000  foot-lbs. 


83-3 

Mr.  Stirling  considers  the  ooal  employed  to  have  been  of  about 
three-fourths  of  the  evaporative  power  of  Newcastle  ooaL  Assum- 
ing, therefore,  the  total  heat  of  combustion  of  one  lb.  of  the  coal  to 
Lave  been 

9,000,000  footrlbs., 

we  find  for  the  resvUarU  efficiency  of  the  furnace  and  fluid, 

1,200,000 


9,000,000 


=  0133. 


The  efficiency  of  the  fluid  having  been  0*3,  it  appears  that  the 
efficiency  qfihefwmace  was 


0133 
0-3 


=  0-44, 


The  heating  surface  was  about  75  square  feet.  In  a  steam  boiler 
furnace,  burning  the  same  quantity  of  fuel,  this  would  have  given 
an  efficiency  of  about 

0-61. 

In  Stirling's  engine,  therefore,  the  efficiency  of  the  furnace 
approached  more  nearly  to  that  of  a  steam  boiler  fiimaoe,  than  in 

Ericsson's  engine,  owing  pro- 
bably to  the  greater  density  of 
the  air,  and  its  more  rapid  cir- 
culation over  the  bottom  of  the 
receiver. 

With  a  view  to  increasing  the 
efficiency  of  air  engines  by  ob- 
taining an  extensive  heating 
surface,  without  inconveniently 
enlarging  their  bulk,  Mr.  James 
R.  Napier,  and  the  Author  of 
this  work,  have  proposed  the 
heating  apparatus  shown  in  fig. 
107.  That  figure  represents 
the  bottom  of  a  cylindrical  air 
receiver,   consisting  of  a  flat 

r  tube-plate,  from  which  several 
tubes,  open  at  the  upper  end, 
and  closed  at  the  lower  end, 

P  is  the  lower  end  of  a  plunger. 


LilU 


^    _l_     " 
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Fig.  107. 

descend  into  a  flame  chamber. 
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coiresponding  to  that  marked  E  in  £g.  105.  In  £g.  107,  the 
regenerator  occupies  a  cylindrical  hole  in  the  centre  of  that 
plunger;  but  it  mighty  if  convenienty  occupy  an  annular  space 
surrounding  the  plunger,  as  in  fig.  105. 

S  is  a  second,  or  lower  plimger,  consisting  of  a  perforated  plate, 
from  which  cylindrical  rods  descend  into  ime  tubes,  and  nearly  fit 
them.  When  the  lower  plunger  is  depressed,  the  rods  nearly  fill 
the  tubes,  and  the  heat  transDHitted  from  the  furnace  accumulates 
in  the  metal  of  the  tubes  and  rods.  When  the  lower  plunger  is 
raised,  part  of  the  air  descends  into  the  tubes,  and  is  heated  by 
contact  with  them  and  with  the  rods,  and  part  remains  in  the  large 
cylindrical  part  of  the  receiver,  and  is  heated  by  contact  with  ^he 
upper  ends  of  the  rods.  This  apparatus  has  been  found  to  heat  the 
air  rapidly;  but  its  efficiency  has  not  yet  been  ascertained  by  any 
exact  experiment. 

276.  BmU  RecelTcd  aa4  R<iieeled  at  Cmutrnm  Vtemmvtm  J#ric'» 
Mi^lme^ — In  a  paper  by  Mr.  Joule,  with  a  supplement  by  Professor 
William  Thomson,  in  the  Philosophical  Tranmdiona  for  1851,  it  is 
proposed  to  use  an  air  engine  in  which  the  r^enerator  and  refri- 
gerator are  dispensed  witi^;  so  that  ihe  air  shall  receive  and  reject 
heat,  not  at  a  pair  of  constant  temperatures,  but  at  a  pair  of  con- 
stant pressurea 

This  proposed  engine  would  consist  essentially  of  i^xree  parts — a- 
compressing  pump,  a  heating  vessel  (being  a  set  of  tubes  tiuversing 
a  furnace),  and  a  working  cylinder.  The  compressing  pump 
and  working  <grlinder  would  be  clothed  with  non-conducting 
mateiials. 

The  compressing  pump  would  draw  air  from  the  atmosphere, 
compress  it  in  a  certain  proportion,  and  force  it  into  one  end  of 
the  heating  vessel,  at  a  temperature  elevated  above  the  atmospheric 
temperature  to  an  extent  corresponding  to  the  compression.  In 
the  heating  vessel,  the  air  would  have  its  temperature  further 
raised,  and  its  volume  expanded,  at  constant  pressure,  by  the  heat 
received  from  the  furnace.  From  the  farther  end  of  the  heating 
vessel,  the  air  would  pass  through  an  induction  valve  into  the 
working  cylinder,  driving  the  piston  through  a  certain  part  of  a 
stroke.  The  valve  being  closed,  and  the  admission  of  air  cut  off, 
the  piston  would  be  driven  through  the  remainder  of  its  stroke  by 
the  expansion  of  the  air  down  to  the  atmospheric  pressure;  and 
during  that  expansion  the  temperature  would  fall  to  a  certain 
extent.  The  air  would  then  be  discharged  into  the  atmosphere 
at  a  temperature  exceeding  the  atmospheric  temperature,  the 
heat  due  to  the  excess  of  temperature  being  rejected  along  with 

*^®^^-       ,^^      ,    ^^^    ,  ,        ,.       igitized  by  Goode  ^ 

In  fig.  lOo^ABCDA  represents  the  diagram  of  energy  of  such 
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an  engine,  being  found  by  taking  away  E  A  D  F  E,  the  diagram 
of  ihe  com|»e8sing  pump,  from  ll  B  0  F  E,  the  diagram  of  the 
working  cyUnder. 

The  straight  line  F  D  represents  the  volume  V4  of  one  lb.  of  air, 
drawn  from  the  atmosphere,  at  the  atmospheric  pressure  p^,  and 
absolute  temperature  r^ 

D  A,  a  portion  of  an  adiabatic 
Y  «urve,  represents  the  compres- 

£ A JB  sion  of  that  air,  until  it  attains 

the  pressure,  volume,  and  tern- 


A        B 

\\ 

^^ 

"^-^^ 

— ^i^^r-*' 

perature,  p.,  r«  t.. 

The  straight  line  E  A  repre- 

sents  the  volume  v.  of  the  00m- 

Flg.  108.  pressed  air,  as  forced  into  the 

heating  vessel 

The  straight  line  E  B  represents  the  volume  v^  of  that  air  after 
it  has  traversed  the  heating  vessel,  and  as  it  enters  the  working 
cylinder  under  the  constant  pressure  p^  and  at  the  highest  absolute 
temperature  r^ 

B  C,  a  portion  of  an  adiabatic  curve,  meeting  the  straight  line 
F  D  C  in  C,  represents  the  expansion  of  the  air  to  the  volume  v„ 
at  which  it  returns  to  the  atmospheric  pressure  p^  =  ji^^y  and  flEdls  to 
a  certain  temperature  r^ 

C  F  represents  v^  the  volume  of  the  air  when  finally  expelled 
into  the  atmoq>here. 

The  heat  received  by  each  pound  of  air  is  represented  by  the 
area  between  A  B,  and  the  indefinitely  prolonged  adiabatic  curves 
ADM,BCN. 

The  heat  rejected  with  each  pound  of  the  air  when  discharged  is 
represented  by  the  area  between  D  C  and  the  curves  D  M,  C  N. 

The  energy  exerted  by  each  pound  of  air  is  represented  by  the 
area  ABCD. 

The  volume  swept  through  by  the  piston  of  the  working  cylinder 
per  pound  of  air  is  FC  =  v^ :  the  volume  swept  through  by  the 
piston  of  the  pump  is  F  D  =  v^. 

The  following  are  the  formulie  proper  to  this  kind  of  engine  :— 

Data. 

Atmospheric  pressure  and  absolute  temperature,  p^,  r^ 
Batio  of  compression  and  expansion,  r. 
Highest  absolute  temperature,  v 
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I  i^N  1  V  Kusr;  V  <  > : 

Ebsults; 
per  pound  of  air.                                   |       ( ;  .\^  J    J  ^i  )[{  S  1  A  . 
AbeokUe  temperaiure§   ■                        ♦^  *• 

r.=  r,r»'-l  =  r.^;,.  =  ^ (1.) 

Pnenuraff — 

Pm=P^=P4f^ ^ Pdr"'"^;  P,=P4 (2.) 

Vdurnei — 


5315  u 
V4ZS ?; 

P4 


».  =  *•»♦  =  »«• 


•  ••••••••' 


(3) 


Heatrteeived — 

H,  =  183-45  (r,  -  T.)  -  183-45  (t»  -  t^  i^««) (4.) 

Heat  reeded — 

H,=  183-45  (..-.,)  =  183-45(^-r,)=^...  (5.) 
Energy  exerted — 

U  =  H,-H,  =  183-45{  r.  (l_^)-c,  (,*«»-l)  } 

=  Hi(l-^«,); (6.) 

Efficiency  of  fluids 

Hi""     T.     --^-^-^*« V'-; 

Jfecm  effectwe  pressure — 

^  =  3-451p,(y^-l)  (1  -^'•.*-) (8.) 

The  following  is  a  numerical  example,  which,  however,  is  ima- 
fpjiSiijy  as  no  experiments  have  been  made  on  engines  of  the  kind 
now  considered : — 
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DAZfc. 

i>i  =  2116-4;  T4  =  50°.-.T4  =  511'-2j 

r=2; 

T,  =  561'-2.-,T»=102ir'-4. 

Results. 

^^  =  1-327;  ^=0-7537;  ^  =  |. 

n-.  =  678^-3  .•.!.  =  217^-1 ;  t,  =  7706  . •.  T.  =  309H. 

7>.=;>,  =  2-654  X  2116-3  =  5617;  ;>,=j:>^^  2116-3. 

t?4  =  12-84;  v.  =  6-42;  ^^  =  9-68;  v.  =  1935; 

Hi  =  183-45  X  344*'-l  =  63128 

Hj  =  183-45  X  259-4  =  47583 

U  =  183-45  X  84-7   15545 

Efficiency  of  fluid,         i|^  =  0-246. 

Mean  effective  pressure — 
15545 


19-35 


=:  802  lbs.  on  the  square  foot  r=  5*57  lbs.  on  the  square  inch. 


If  an  engine  of  this  class  were  made  to  work  up  to  a  high  tem- 
perature, it  would  be  necessary  to  keep  the  packing  of  the  piston 
cool  by  some  such  means  as  making  ^e  lower  part  of  the  piston, 
as  in  Ericsson's  engine,  hang  considerably  below  the  packing  ring, 
its  interior  being  hollow,  and  filled  with  a  slowly  conducting 
material 

277.  Fanace-CUM  SHgliiea  — CaylcTs— OMrd«B«»— AirMder  ae  la 
Or9€^ — ^The  greater  part  of  the  waste  of  heat  from  the  furnace 
might  be  prevented  if  it  were  practicable  to  drive  ihe  piston  of  an 
engine  directly  by  means  of  the  hot  gaseous  products  of  combus- 
tion. An  engine  of  this  kind  was  made  and  worked  experimentally 
by  Sir  Geoige  Cayley.  It  consists  essentially  of  the  same  parts 
with  the  air  engine  described  in  the  preceding  Article,  except  that 
in  the  furnace  gas  engine,  the  heating  vessel  and  the  furnace  are 
one;  that  is  to  say,  the  compressing  pump  draws  air  from  the 
atmosphere,  compresses  it>  and  forces  it  into  a  strong  air-tight 
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furnace,  where  its  oxygen  combines  with  the  fuel;  then  the  mixed 
hot  gas  produced  by  the  combustion  is  admitted  into  the  working 
cylinder,  where  it  arives  the  piston  through  part  of  its  stroke  at 
full  pressure,  and  through  the  remainder  by  expansion,  until  it 
falls  to  the  atmospheric  pressure,  and  is  discharged.  The  furnace 
is  fed  through  a  double  valve,  which  is  so  constructed,  that  fuel  can 
be  introdui^  through  it  without  permitting  the  escape  of  more 
than  a  very  small  quantity  of  the  compressed  air. 

The  theoretical  diagram  of  such  an  engine,  and  the  formulo 
applicable  to  it,  are  exactly  similar  to  those  given  in  Article  276, 
except  that  the  furnace  gas  is  somewhat  denser  than  air.  This 
difference  may  be  allowed  for  by  conceiving,  that  all  the  foimulse, 
instead  of  having  reference  to  <yM  pound  of  the  gas,  have  reference 
to  80  mv4ih  of  die  gas  aa  is  produced  hy  supplying  one  pound  ofcdr 
tothefwmace. 

The  cylinder,  piston,  and  valves  of  this  eugme,  were  found  to  be 

•  so  rapidly  destroyed  by  the  intense  heat,  and  the  dust  from  the 

fuel,  that  no  attempt  was  made  to  bring  it  into  general  practical  use^ 

An  engine  on  nearly  the  same  principle  was  invented  by  Mr* 
Alexander  Gordon. 

Dr.  Avenier  de  la  Gr^e  has  proposed  a  kind  of  fuiiiace-gas  engine 
in  which,  so  &r  as  it  can  be  judged  of  by  mere  description,  without 
experiment,  the  difficulties  arising  &om  the  dust  and  heat  may- 
very  probably  be  overcome;  and  the  only  objection  will  be  that 
conmion  to  all  air  engines  which  draw  a  cylinderful  of  air  from 
the  atmosphere  at  each  stroke,  viz.,  the  greatness  of  their  bulk  in 
proportion  to  their  power. 

As  to  engines  in  which  the  air  is  heated  by  the  explosion  of 
coal-gas,  see  page  448. 

Section  5. — Of  the  Efficiency  of  the  Fluid  in  Steom  Engines. 

278.  ThMTOtlcal  Diagrsma  •f  Sterai   Bnglnea  Ih  OmmhU. — The 

sketches  which  have  already  been  given  in  fig.  17,  page  48,  and  in 
fig.  99,  page  337,  illustrate  the  general  character  of  the  diagrams 
which  indicate  the  energy  exerted  by  the  steam  in  the  cylinders  of 
steam  engines. 

The  curves  actually  desciibed  on  the  indicator  cards  of  these 
engines  present  so  many  differences  as  to  the  mode  in  which  the 
pressure  and  volume  of  the  steam  vary  during  its  action  on  the 
piBton,  that  their  figures  cannot  be  expressed  exactly  by  any  general 
system  of  mathematical  formulae;  especially  because  in  the  present 
state  of  our  knowledge,  it  is  impossible  accurately  to  separate  those 
irregularities  in  diagrams  which  arise  from  real  fluctuations  in  the 
pressure  of  the  steam,  from  those  which  arise  from  the  friction  and 
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Fig.  109. 


inertia  of  the  moving  parts  of  the  indicator.  Some  of  those  irr^^- 
larities  will  be  more  particularly  described  in  a  subsequent 
Artida 

In  order  that  it  may  be  possible  to  compute  from  theoretical 
principles  the  power  and  efficiency  of  the  fluid  in  steam  engines, 
a  figure  is  asmmed  for  the  diagram,  approximating  to  the  real 
figure,  but  more  simple  (see  fig.  109).  In  that  figure,  AB  repre- 
sents the  volume  of  a  certain  mass  of  steam,  when  admitted  into 
the  cylinder,  so  as  to  drive  the  piston  through  a  space  equal  to  that 
volume.  The  first  cusumption  by  which  the  diagram  is  simplified 
is,  that  the  pressure  of  the  steam  remains  constant  during  its 

admission,  so  that  A  B  is  a  straight 
line  parallel  to  O  X,  and  the  constant 
pressure  is  represented  by  O  A  =  GB. 
The  curve  B  C  represents  the  ex- 
pansion of  the  steam  after  its  admis- 
sion is  cut  off.  In  actual  diagrams, 
this  curve  presents  a  great  variety  of 
figures,  depending  upon  the  com- 
munication of  heat  to  and  from  the 
steam,  and  other  causes,  and  almost 
always  contains  undulations,  which 
probably  arise  partly  from  vibrations  in  the  mass  of  steam  itself, 
and  partly  from  oscillations  due  to  the  inertia  of  the  indicator 
piston.  The  second  aaswmption  consists  in  assigning  to  the  curve 
B  0  one  or  other  of  two  definite  figures,  according  to  the  following 
8UQK)sitious: — 

L  When  the  cylinder  is  either  exposed,  or  simply  cased  in 
slowly  conducting  materials,  such  as  felt  and  wood,  the  steam  is 
assumed  to  expand  without  receiving  or  giving  out  heat;  so  that 
B  0  is  an  adiabatic  curve,  whose  form  will  be  explained  in  Article 
281. 

II.  When  between  the  slow  conducting  casing  and  the  cylinder, 
there  is  an  iron  casing  or  outer  cylinder  called  the  "  steam  jacket," 
supplied  with  steam  from  the  boiler,  it  is  assumed,  that  the  heat 
communicated  by  means  of  that  jacket  to  the  steam  expanding  in 
the  cylinder,  is  just  sufficient  to  prevent  any  practically  appreciable 
part  of  it  from  becoming  liquid;  so  that  B  C  is  part  of  a  curve 
whose  co-ordinates  represent  the  pressures  and  the  volumes  of  a 
given  weight  of  steam  of  saturation. 

These  two  suppositions  have  reference  to  engines  in  which  the 
steam  is  not  "  superheated;"  that  is,  raised  to  a  temperature  above 
the  boiling  point  con-esponding  to  its  pressure.  The  action  of 
superheated  steam  will  be  considered  in  the  next  section.  jQQTp 
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The  ilwrd  ctBgwrnptum  is,  that  the  steam  is  exhausted,  or  dis- 
charged from  the  cylinder  dtuing  the  return  stroke,  at  a  constant 
pressure ;  so  that  the  lower  side  E  F  of  the  diagram  is  a  strai^t 
line  parallel  to  O  X;  and  the  constant  hack  pressure  is  represented 
by  OT*  =  H  E,  which  may  be  equal  to,  or  less  than  the  pressure 
at  the  end  of  the  expansion  H  C.  (It  would  be  possible,  also,  to 
make  the  back  pressure  greater  than  the  pressure  at  the  end  of  the 
expansion;  but  this  never  occurs  in  engines  that  are  well  con- 
structed and  worked.)  The  third  assumption  involves  also  the 
assumption,  that  the  fall  of  pressure,  if  any,  at  the  end  of  the 
stroke  (represented  by  C  E),  takes  place  suddenly. 

The  value  taken  for  the  assumed  constant  back  pressure  ought 
of  course  to  be  equal  to  the  mean  value  of  the  actual  variable  back 
pressure,  so  fiur  as  it  can  be  accurately  ascertained.  What  that 
mean  value  is  in  different  cases  will  be  considered  in  a  special 
Article. 

The  fourth  assumption  consists  in  neglecting  the  volume  of  the 
liquid  water  as  compared  with  that  of  the  steam,  so  that  the  side 
F  D  A  of  the  diagram  is  a  straight  line  coinciding  with  O  T, 
instead  of  being  a  cui-ve  having  ordmates  parallel  to  O  X,  represent- 
ing the  successive  volumes  of  the  water  as  it  sustains  a  gradually 
increasing  pressure  in  the  feed  pump,  and  corresponding  (Uiough  of 
much  smaller  magnitude)  to  the  ordinates  parallel  to  O  X  of  the 
curves  marked  D  A  in  figs.  104,  Article  274,  and  108,  Article  277; 
This  assumption  gives  rise  to  no  error  appreciable  in  practice. 

Thus  is  obtained  a  diagram  for  purposes  of  calculation,  of  the 
kind  of  form  represented  by  ABUEFDA,  of  which  the  side 
B  0  alone  is  curved.  Experience  proves,  that  although  in  a  dia- 
gram of  this  kind,  in  which  the  smaUer  fluctuations  of  we  pressure 
are  neglected,  the  pressures  corresponding  to  particular  positions  of 
the  piston  sometimes  differ  considerably  from  the  actual  pressures, 
yet  the  differences,  being  in  opposite  directions  at  different  points 
of  the  diagram,  neiiiraliae  eaen  other  in  such  a  manner,  that  the 
agreement  between  calculation  and  experiment  is  very  dose 
as  regards  the  energy  exerted,  and  the  mean  ^ecHve  pressure; 
being  the  quantities  which  are  of  the  greatest  importance  in 
practice. 

For  the  present,  the  quantity  of  steam  acting  as  a  cushion 
(Article  262)  is  supposed  either  to  be  inappreciably  small,  or  to 
nave  had  its  successive  volumes  calculated  and  deducted,  so  that 
the  diagram  in  ^.  109  is  freed  from  its  effects.  The  effect  of 
*'  cushioning  "  steam  will  be  considered  ^etrther  on. 

279.  Fwraw  •f  BsvrcMtoB  Ur  Knergr. — The  following  notation 
will  be  employed  in  formulse  relating  to  the  efficiency  of  steam :— 
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Qa«U.jr.  Symbol  ''•"S^jStv*^ 

Absolute  preasurea  of  steam — 

Daring  the  admission, jp^  OA:=^B 

At  any  time  during  the  expansion,       p  ordinate  of  B  0 

At  the  end  of  the  expansion, •       p^  H  C  =  OD 

Poring  the  return  stroke, p^  H£=:OF 

AbeohUe  temperaturee — 

Of  the  steam  when  admitted, r^ 

Of  the  steam  at  any  time  dur- ) 

ing  the  expansion, i 

Of  the  steam  at  the  end  of  the  1 

expansion, J         ^' 

Of  the  feed  -water  supplied  to  ) 

the  boiler,. j        ^^ 

Temperatures  on  ordinary/  scale, Tp  <ba 

Volumes  qfone  lb,  o/steam — 

When  admitted, v^ 

At  any  time  during  the  expansion,       v 

At  the  end  of  the  expansion, v^ 

Density  of  Oeam  in  lbs.  per  cvJbio 
foot^ 

When  admitted, D^ 

Volume   occupied   by  tlie  mass  of 
steam,   or  of  steam  and   liquid 

water,  under  consideration —  

When  admitted, u^  AB  =  OG 

At  any  time  during  the  expansion,       u  abscissa  of  B  C 

At  the  end  of  the  expansion, «2  =  ftt^         DO  =  OTB[ 

Batio  of  expansion, r  =  —  DC-rAB 

u^ 

Energy  exerted  by  one  lb,  of  steam, ...       XJ 

Energy  exerted  by  the  mass  of  steam  1    t«i  -„•  ^^^  .  Tim?v  a 

under  consideration, /    i^  ^  areaABCBFA 

,,        ^  ,.                                 XJ                       areaABCEFA 
Mean  effective  pressure, p^= —  =!?•  —  JPi   j=^ 

-,  the  reciprocal  of  the  ratio  of  expansion,  is  called  the  admission, 

and  sometimes  the  cut  off,  being  the  fraction  of  the  stroke  at  which 
the  admission  of  steam  is  cut  off. 

The  reason  for  having  the  symbol  u^  distinct  from  v^^  to  denote 
tlje  volume  of  the  mass  of  steam  when  admitted,  is  that  it  is  in 
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come  cases  more  convenient  to  consider  the  action  of  a  pound  of 
steam  (in  which  case  t^  =  Vj),  while  in  other  cases  it  is  more  con- 
venient to  consider  the  action  of  so  much  steam  as  occnpies  a  cubic 
foot  when  first  admitted  (in  which  case  t*^  =  1) ;  or  rather,  to  speak 
strictlj,  so  much  steam  as  occupies,  when  first  admitted,  one  cubic 
foot  more  than  it  did  in  the  liquid  state;  but  the  difference 
between  these  two  definitions  of  the  mass  of  steam  under  con- 
sideration is  neglected. 

The  relations  between  r  (=  T  -{-  46V'2  Fahrenhei^  p,  v,  and  D; 
are  given  bj  the  formulfls  <^  Article  206,  equations  1  and  2  (page 
237),  and  of  Article  256,  equation  1  (page  326),  and  bj  Tables  lY. 
and  YL  (As  to  the  interpolation  of  quantities  in  these  tables^  see 
Article  279  a,  immediately  following  the  present  Article.) 

There  are  two  modes  of  expressing  and  calculating  the  enei^ 
represented  by  the  area  of  the  diagram.  The  first,  which  corre- 
sponds to  that  expressed  for  diagrams  in  general  by  equation  2  of 
Article  263,  is  the  best  suited  for  purposes  of  exact  calculation, 
and  of  reasoning  about  principles;  the  second,  which  corresponds 
to  the  expression  in  equation  1  of  the  same  Article,  is  the  best 
suited  to  a  certain  approximate  method  of  calculation,  which  is 
expeditious  and  convenient  in  practice. 

Method  I. — 

To  the  area  AB CD, f^'udp 

J  Pa 

Add  the  rectangle  DIF  x  CD, + 1^  (Pi-p^) 


Then  the  area  A B C E F  A  =  ^  U  =  f^udp  +  u^ip^ -^3)  (1.) 

The  integral  in  this  expression,  as  will  afterwards  be  shown,  is 
calculable  by  the  aid  of  certain  functions  of  the  absolute  tempera- 
tures Tj,  Tj. 

Method  IL — 
To  the  rectangle  O  A  X  A  B, l^i  ^ 

Add  the  area  GBCH, +f^pdu 

J  tti 

And  subtract  the  rectangle  0  F  x  FE  -jpg  Wg 


Then  the  area  ABCEF  JL  =:^  U  =  p^u^  +  T^du '■p^u^.{2.) 

According  to  this  fcom  of  expression,  the  mean  effective  pressure 
has  the  value 
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m  which  the  symbol  p.  denotes  the  fiMon  gross  preuure,  or  mAtn 
/onoard  pressure,  which  is  represented  in  the  diagram  hj  the  mean 
height  of  the  line  ABO  above  O  X. 

The  convenience  of  this  second  method  arises  from  the  ieusty  that 
within  the  limits  of  prsssure  and  volume  which  nsuallj  occur  in 
practice,  the  curve  B  0  approximates  to  a  curve  of  the  hyperboUc 
doss;  that  is,  a  curve  in  which  the  ordinate  is  inversely  i»x>por- 
tional  to  some  power  of  the  abscissa,  as  expressed  by  the  equation 

P  a  w— , (4.) 

i  being  an  index  which  is  different  according  to  the  circumstances 
of  the  case,  and  is  to  be  found  by  trial  When  »  =  1^  the  curve  is 
a  common  hyperbola,  and  the  area  O  A  B.C  H  is 

Pi  «*i +/['/' ^^=>i^*0+i^yp  log  ♦•); (^.) 

but  in  the  cases  which  occur  in  the  working  of  saturated  steam,  % 
is  fractional,  and  greater  than  1 ;  and  then  we  have 

=  ft«i  fc-iTT  •♦■"'■^')  =P-'-«xJ (6.) 

from  which  is  obtained  the  following  expression  for  the  mean  for- 
toard  or  grots  pressure : — 

tr-'-r-' 
P'=Pi '       i-l      " (7) 

Formulae  of  this  kind,  and  tables  computed  by  means  of  them^ 
such  as  Tables  YII.  and  YIII.  at  the  end  of  the  volume,  are  con- 
venient in  approximate  calculations  for  practical  purposes,  especiallj 
as  they  do  not  involve  the  temperature. 

279  A.  lMt«rp«lAtloB  of  limiBtitiea  Ih  the  Tahlca. — ^When  in 
using  Table  IV.  or  Table  VI.  for  steam,  or  Table  V.  for  seth^,  it 
is  required  to  find  some  quantity  intermediate  between  those  given 
in  the  table,  that  quantity  can  be  found  with  accuracy  sufficient  for 
ordinary  purposes  by  the  aid  of  first  differences.  It  is  to  facilitate 
such  interpolation  that  the  logarithms  of  the  pressures,  densities, 
volumes,  and  quantities  denoted  by  L,  are  given,  together  with  the 
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successive  differences  of  those  logarithms  ^denoted  by  A);  because 
the  differences  of  the  logarithms  vary  mudi  less  thain  those  of  the 
numbers  to  which  they  belong. 

Suppose,  for  example,  that  it  is  required  to  find  from  Table  YI. 
the  volume  V  corresponding  to  a  pressure  P  which  lies  between 
two  of  the  pressures  given  in  the  table.  Let  P  be  the  next  less 
pressure  to  F  which  is  found  in  the  table,  and  Y  the  correspond- 
ing volume;  then,  approximately) 

log  V'  =  logV-  aogF-logP)  •  ~/jy>....(l.) 

and  similar  methods  may  be  applied  to  other  quantities.  The  sign 
—  immediately  prefixed  to  a  log  Y  is  merely  the  algebraical  mode 
of  indicating  that  Y  diminishes  when  P  increases. 

For  example,  let  it  be  required  to  find  the  volume  of  a  pound  of 
steam  in  cubic  feet  when  its  absolute  pressure  is  two  cUmospheres, 
or  29*4  lbs.  upon  the  square  inch,  or  4232*8  lbs.  on  the  square  foot 
=  F.     The  next  less  pressure  in  the  table  is  4152.     Then 

log  F=  3-6266;  log  P  =  3*6183;  log  Y=  1*1461; 

A  log  P  =  0*0678;  -  a  log  Y  =  0*0637; 

and  therefore, 

log  Y'=  1-1461  -  0*0083  •  ^  =  1*1383; 

and  V'=  13*75  cubic  feet  per  IK 

280.  Back  PvMMnre. — If  the  steam  working  in  steam  engines 
were  unmixed  with  air,  and  if  it  could  escape  without  resistance 
and  in  an  inappreciably  short  time  from  the  cylinder  afler  having 
completed  the  forward  stroke,  the  back  pressure  would  be  simply, 
in  non-condensing  engines  (conventionally  called  "high  pressure 
engines^*)^  the  atmospheric  pressure  for  the  time;  and  in  condensing 
engines,  the  pressure  corresponding  to  the  temperature  in.  the  con- 
denser.    This  may  be  called  the  pressure  of  condensation. 

The  mean  back  pressure,  however,  always  exceeds  the  preesui'e 
of  condensation,  and  sometimes  in  a  considerable  proportion.  One 
cause  of  this,  which  operates  in  condensing  engines  only,  is  the 
presence  of  air  mixed  with  the  steam,  which  causes  the  pressure  in 
the  cofndcnMTy  and  consequently  the  back  pressure  also,  to  be  greater 
than  the  pressure  of  condensation  of  the  steam.  For  example,  an 
ordinary  temperature  in  a  condenser  when  working  properly,  is 
about  104**  Fahrenheit,  to  which  the  corresponding  pressure  of 
steam  is  152*6  lbs.  on  the  square  foot,  or  1  *06  lbs.  on  the  squai-e 
inoL     But  the  absolute  pressure  in  the  best  condensers  is  scarcely 
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ever  less  than  2  lbs.  on  the  square  inch,  or  nearly  double  of  the 
pressure  of  condensation. 

The  principal  cause,  however,  of  increased  back  pressure,  is 
resistance  to  the  escape  of  the  steam  from  the  cylinder,  by  which, 
in  condensing  engines,  the  mean  back  pressure  is  caused  to  be 
from  1  to  3  lbs.  on  the  square  inch  greater  than  the  pressure  in  the 
condenser.  There  is  as  yet  no  satisfactory  theoiy  of  that  resistance, 
so  that  it  cannot  be  computed  for  any  proposed  engine  by  means  of 
a  general  formula. 

The  back  pressure,  therefore,  in  proposed  condensing  engines, 
can  for  the  present  only  be  estimated  roughly  from  the  residts  of 
experience  in  particuhur  cases.  The  following  is  a  summaiy  of 
some  such  results : — 

Mean  Back  pBEa8USB,p,. 
Lbs.  on  the  Lbs.  on  the 


squanfooL 

Batio  of  expansion  from  i^  to  3,... 

720 

5 

„            „         from  4  to  7,.... 

648  to  504 

4ito3j 

„         from  8  to  15,... 

504  to  432 

3it0  3 

There  is  a  deficiency  of  precise  experimental  data  on  this  sub- 
ject, because  of  the  fr^uent  omission  to  observe  the  atmospheric 
barometer  at  the  time  when  the  indicator  diagrams  of  steam  engines 
are  taken.  The  consequence  of  that  omission  is,  that  the  diagrams 
show  only  the  effective  pressures  of  the  steam,  and  not  the  absolule 
pressures,  which  are  left  to  be  roughly  estimated  by  guessing  the 
probable  atmospheric  pressure. 

It  is  certain,  that  if  sufficient  experimental  data  existed,  the 
back  pressure  would  be  found  to  vary  with  the  speed  of  the  engine, 
being  greater  at  higher  speeds,  and  also  with  the  densify  of  the 
steam  at  the  commencement  of  the  exhaust,  and  with  the  size  of 
the  exhaust  port  through  which  it  escapes  from  the  cylinder. 

In  non-condensing  locomotive  engines,  a  great  number  of  flocpeii- 
mental  data  as  to  b£u;k  pressure  have  been  collected  and  arranged, 
and  to  a  certain  extent  reduced  to  a  system  of  laws,  in  Mr.  D.  K. 
Clark's  work  On  Railnxx/y  Machinery,  That  author  finds,  that  the 
excess  of  the  back  pressure  above  the  atmospheric  pressure  varies 
nearly — 

As  the  square  of  the  speed; 

Ab  the  pressure  of  the  steam  at  the  instant  of  relecue;  that  is,  of 
the  commencement  of  the  exhaust; 

Inversely  as  the  square  of  the  area  of  the  orifice  of  the  blast 
pipe,  through  which  the  steam  is  blown  into  the  chimney  to  pro- 
duce a  draught. 

Mr.  Clark  also  finds,  that  the  excess  of  haxsk.  pressure  is  less,  the 
greater  the  ratio  of  expansion;  that  it  is  less,  the  longer  the  time 
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duiing  which  the  eduction  of  the  steam  lasts;  and  that  it  is  in- 
creased by  the  presence  of  liquid  water  amongst  the  steam,  being 
in  certain  cases  greater  in  unprotected  than  in  protected  cylinders 
in  the  ratio  of  1-72  to  1. 

As  an  example  of  specific  results  obtained  by  Mr.  Clark,  it  may 
be  stated,  that  "  with  a  mean  of  16  per  cent,  of  release," — that  is, 
with  the  exhaust  port  opened  when  the  piston  had  performed  0*84 
of  its  forward  stroke — "  with  an  admission  of  half  stroke," — ^that 
is,  with  the  ratio  of  expansion  2,  nearly,  "and  with  a  speed  of  piston 
of  600  feet  per  minute;"  the  excess  of  the  back  pressure  above 
the  atmospheriq  pressure,  in  protected  cylinders,  was  about  0*163  of 
the  excess  of  l^e  pressure  of  the  steam  at  the  instant  of  release 
above  the  atmospheric  pressure. 

It  is  probable,  that  the  general  results  arrived  at  by  Mr.  Clark 
may  be  safely  applied  to  all  engines,  whether  condensing  or  non- 
condensing,  to  ih.e  following  extent : — 

Thai  in  the  same  engine,  going  cU  the  same  speed,  the  excess  of  the 
mean  backpressure  above  the  pressure  of  condensation,  varies  rvswdy 
as  the  density  of  the  steam  at  the  end  of  the  eocpandon; 

And  that  vn  the  same  engine,  with  the  same  density  of  steam  at  the 
end  of  the  foruxird  stroke,  that  excess  of  back  pressure  varies  nearly 
as  the  square  of  the  speed. 

281.  TkcrModTMUBic  Fnactfon,  and  Adlakatle  Cnrre,  for  Mixed 
Water  aad  Bimm — ^When,  as  in  the  present  investigation,  the 
volume  of  a  pound  of  water,  and  its  variations,  are  treated  as 
insensibly  smsdl,  the  value  of  the  thermodynamic  function  consists 
simply  of  the  fii^  term  of  the  expression  iii  Article  246,  equation 
1 ;  that  is  to  say, 

J  hyp  log  t; 

J  denoting,  as  usual,  Joule's  equivalent,  or  the  dynamical  value  of 
the  specific  heat  of  water.  Suppose  the  pound  of  water  to  be 
raised  from  a  fixed  temperature  to  any  given  absolute  temperature 
T,  and  then  to  be  either  wholly  or  partially  evaporated;  and  let  u 
be  the  volume  of  the  steam  produced,  which  for  total  evaporation 
is  equal  to  v,  the  volume  of  one  pound  of  saturated  steam  at  the 
given  boiling  point,  and  for  partial  evaporation,  may  have  any 
value  less  than  v.  Then  from  Article  255,  equation  1,  it  is  evident, 
that  to  complete  the  thermodynamic  function  for  the  aggregate  of 
water  and  steam,  we  must  add  to  the  expression  already  found  for 
the  water  in  the  liquid  state,  the  following  quantity : — 

dp  ^ 


«^T^ 


giving  for  the  complete  thermodynamic  fum^ion  for  one  lb,  oAw 
vmd  steam —  'Qtized  by  vjOOg  IC 


vxUer 
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^  =  J  hyp  log  T  +  tt  ^ (1.) 

[The  same  expression  may  be  made  applicable  to  any  oiher  fluid 
by  putting  instead  of  J,  J  c,  the  dynamical  speciHc  heat  of  the  fluid 
in  question  in  the  liquid  state.] 

The  equation  of  an  adiabatic  curve  is 

f  =  constant. 

This  enables  us  to  find  the  equation  of  the  form  of  the  curve  B  C 
in  the  diagram,  ^.  109,  Article  278,  when  that  curve  is  adiabatic; 
that  is,  when  the  steam  expands  without  receiving  or  giving  out 
heat.  •  Attending  to  the  notation  of  Article  279,  we  have,  in  the 
present  case,  for  the  point  B  in  the  curve, 

«*i  =  ^i> 
and  for  any  other  point, 

J  hyp  log  T  + 1,  ^  =  J  hyp  log  ri  +  «!  ^J  ,....{2.) 

from  which  is  easily  deduced  the  following  expression  for  the 
volume  u  occupied  by  one  lb.  of  water  and  steam  at  any  pressure 

«  =  J^.(jhyplog.5  +  .,^); (3.) 


When  common  instead  of  hyperbolic  logarithms  are  used  in  the 
calctilation,  for  J  =  772  is  to  be  substituted, 

J  hyp  log  10  =  772  X  2-3026  =  1777-a 

According  to  Article  255,  equation  8, 

^.^-  =  ^(5  +  2-^  hyp  log  10; (4.) 

by  means  of  which  formula,  with  the  aid  of  equation  1  of  Article 

dp 
206,  and  the  constants  given  in  page  237,  -r^  can  be  computed. 

The  use  of  the  equation  3  for  computing  the  value  of  u  may  be 
much  facilitated,  by  employing  the  values  of  L,  the  latent  heat  per 
cubic  foot,  which  are  given  for  steam  in  Table  IV.  (and  for  sether 
in  Table  V.);  for  according  to  Article  255,  equation  2  (n^lecting 
the  volume  of  the  liquid  water),  Digitized  by  GoOglc 
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80  that  equation  3  of  this  Article  beoomes 

»  =  £(jhyplog5+?xi4) (5.) 

A  convenient  modification  of  equations  3  and  5  ia  the  follow- 
ing:— 

Let  the  weight  of  steam  under  consideration  be  D^  =  — ,  so  that 

its  initial  yolnme  u^  1b  cfM  eubie  /ooL     Then,  instead  of  u  may  be 

put  r  f  =  —J,  the  ratio  in  which  the  sieamie  expanded;  so  that  we 

have  for  the  valne  of  that  ratio, 


r=^(jD,hn>log?  +  ^) 


d 


T 


=  -J  (j  D,  hyp  log  ^  +^) (6.) 


AppMziBuue  F^mraia  r«r  AdiateUc  Cwnr«. — From  the  re- 
sults of  numerical  calculations  of  the  co-ordinates  of  adiabatic 
curves  for  steam,  it  has  been  deduced  by  trial,  that  for  such  pres- 
sures as  usually  occur  in  the  working  of  steam  engines,  the  relation 
between  those  co-ordinates  is  approximately  expressed  by  the 
following  statement : — the  pressure  varies  nearly  as  the  reciprocal  of 
the  tenth  power  qfthe  ninUi  root  qfthe  space  occupied;  that  is  to  say, 
in  symbols 

p  Qc  u     9  nearly (1.) 

This  formula  belongs  to  the  class  already  explained  in  Article 
279^  Method  II. ;  the  value  of  the  exponents  and  co-efficients  being 

t  =  ^;  *.l  =-;  ^— =  9;  ^.3^=  10.... (2.) 

The  preceding  equation  1,  and  those  deduced  from  it,  are  most 
expeditiously  employed  by  the  aid  of  a  table  of  logarithms.  In  the 
absence  of  a  table  of  logarithms,  the  ninth  root  of  any  ratio  can  be 
found  by  extracting  the  cube  root  of  the  cube  root,  either  by  the 
aid  of  a  table  of  cube  roots,  or  by  Ordinary  arithmetia 

283.  iiHpcflictiMi  •r  nsmm  woririag  mxgmamkwHj* — ^The  volume 

2o 
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of  one  pound  of  saturated  steam  (neglecting  the  volame  of  the  liquid 
water),  aooording  to  Article  256^  equation  1,  is 

W  heing  the  latent  heat  of  evaporation  of  one  pound.  It  appeiu*8 
by  computation,  that  the  voliune  u  given  bj  equation  3  or  equation 
5  of  A^cle  282  is  less  than  v  in  all  cases  which  occur  in  practice; 
from  which  it  follows,  that  when  steam  expands  in  driving  a 
piston,  and  receives  no  heat  from  without,  a  portion  is  liquefied. 

To  find  under  what  conditions,  and  to  what  extent  this  conden- 
sation by  expansive  working  will  take  place,  we  have  for  the  pro- 
portion borne  hy  the  condensed  steam  to  the  whole  mass  of  steam 
and  water,  the  following  expression : — 

1=1^=1 -i(jhyplogJ  +  ^^) (2.) 

The  value  of  H'  is  given  approximately  in  foot-lbs.  per  pound  of 
steam  by  the  formula 

H'  =  a -5 r  =  1109550  -5404 r (3.) 

• 
For  any  other  fluid,  J  e  would  have  to  be  put  instead  of  J,  and  for 
a  and  b  their  propw  values,  supposing  them  to  have  been  ascer- 
tained. 

It  may  be  shown  by  an  investigation,  which  it  is  unnecessary 
here  to  give  in  detail,  l^t  the  expression  (2)  is  always  positive  so 
long  as 

rj  is  less  than  -^  (=  1437*^2  for  steam  =  461^-2  +  976°Y 

The  principle  just  stated,  as  to  the  liquefaction  of  vapours  by 
expansive  working,  was  arrived  at  contemporaneously  and  indepen- 
dently, by  Professor  Clausius  and  the  Author  of  this  work  in  1849. 
Its  accuracy  was  subsequently  called  in  question,  chiefly  on  the 
ground  of  experiments  which  ahow  that  steam,  after  being  expanded 
by  being  "wire-drawn,"  that  is  to  say,  by  being  allowed  to  escape 
through  a  narrow  orifice,  is  super-heated,  or  at  a  higher  tempera- 
ture than  that  of  liquefaction  at  the  reduced  pressure.  Soon 
afterwards,  however,  Professor  William  Thomson  proved  that  those 
experiments  are  not  relevant  against  the  conclusion  in  question,  by 
showing  the  difierenoe  between  the  Jree  eoqpansum  of  an  ehustic 
fluid,  in  which  all  the  energy  due  to  the  expansion  is  expended  in 
agitating  the  particlee  of  the  fluid,  and  is  reconverted  into  heat. 
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and  the  expansion  of  the  same  fluid  under  a  pressure  equal  to  its 
ovon  eiastkity^  when  the  energy  developed  is  all  commonicated  to 
external  bodies,  such,  for  example,  as  the  piston  of  an  engina 

284.  BMciaicT  of  StcwM  in  a  Non-coBdBctlBg  Cylladtor. — In  the 
present  Article,  the  cylinder  is  supposed  to  be  sufficiently  protected 
against  any  appreciable  loss  of  heat  by  conduction;  and  the  steam 
is  assumed  to  expand  without  receiving  or  emitting  heat,  so  that 
B  C  in  flg.  109,  Article  278,  is  an  adiabatic  curve. 

The  area  A  B  0  D,  contained  between  that  curve  and  the  straight 
lines  A  B  and  C  D,  corresponding  to  the  pressures  p^  and  p^  at  the 
beginning  and  end  of  the  expansion,  has  the  following  value,  when 
the  mass  of  steam  nndcr  consideration  is  one  pound: — 

ABCD=/^«<;p=/^<f^.^(jhyplog5+.,.^) 

=  j{'i-'2(l  +hyplog^^  }+  ('!—,)  t»x  ^...(1.) 

In  fluids  other  than  water,  J  c  is  to  be  put  instead  of  J. 
Inasmuch  as  the  latent  heat  of  evaporation  of  one  pound  of  steam 
at  v-^is 

rir^^=:H'  =  a-6r^  =  1109550-540-4^1  nearly, 

we  may  transform  the  expression  1  into 

j{'i-'2(l+hyplog^;)}  +  '^H' (1A.«) 

It  is  oflen  convenient  to  consider  the  action,  not  of  <me  pound  of 
steam,  but  so  mnch  steam  as  Alls  one  cubic  foot  when  first  admitted 
into  the  cylinder  at  the  pressure  p^.    In  this  case,  we  have 

A  B  =  t^  =  1  cubic  foot; 

D  C  =  t^  =:  r  ratio  of  expansion; 

and  the  area  A  B  C  D  is  found  by  multiplying  the  expression  (1) 

*  In  using  the  fonnnlie  1  and  1  A,  and  tboae  deduced  from  them,  the  ibllowing 
approximations  are  convenient: — 

'.  -  ',  (l  +  hyp  tog  ^)  =^-^i^^,lSl^;G00gle 
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hf  Di  ^  —,  the  weight  of  one  cubio  foot  of  aatnnited  steam  at  the 
preaBoie  of  admisBioiL     Obsenring  further,  that 

we  find,  per  cubic  foot  o/iteam  admiUed, 

ABCD  =  JDi{ri-r,(l+hyplogl|)  }+!!=:«  •L,;...(a.) 

m  which  D^  and  L^  can  be  foiind  from  Table  lY. 

From  the  above  equation  2,  and  the  properties  of  the  adiabatic 
curve  ahready  explained  in  Article  281,  are  deduced  the  following 
fon&colAy  ixiost  or  which  have  reference  to  the  action  of  one  cubic 
foot  of  doom  admiUed;  pressures  being  expressed  m  lbs.  on  th$ 
Bquarefooi: — 

Data. 

p^^  absolute  pressure  of  admission; 
p^  absolute  pressure  at  end  of  expansion; 
p^  mean  absolute  back  pressure; 

r^  ^  T4  +  46r*2  Fahrenheit),  absolute  temperature  of  feed 
water; 

T5,  ordiniAiy  temperature  of  condensation; 
T^  ordinary  temperature  of  atmosphere. 

Results. 

Temperaitwrct  corresponding  to  the  several  pressures  to  be  found 
hj  equation  2,  Article  206,  or  hj  Table  lY. 
Batioqfea^KMuion — 

g=r=^(772D,hyplogn  +  L.), (3.) 

Energy  per  cubic  foot  of9Uam  admiUcd — 

UD,  =  JD,{.i-r,(l+hyplog^)}+:^«Li 

+  r  {Pt-P^; (^) 

Mean  effcclivo  prctiure,  or  energy  per  cubic  /boi  ewept  through  by 
pieUm — 


P*=Pm-Pt  =  —f~ i^Ttfefefin?/(i5(!>©gl^-/ 
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For  lbs.  on  the  square  inch,  divide  this  by  144. 
Heat  expended  per  cubic  jfoot  of  steam  adnUUed-^ 


Hi  Di  =  J  D,  (cj  _  rj  +  L,; (6.) 

nsMUf 

.(7.) 


Heat  eoBprnded  per  cubic  foot  swept  through  by  piston,  or  pressure 
e^ivalent  to  heat  eacpended — 


r     ' 

Efficiency  of  steam,  ^  ; (8.) 

Keifeed  water  per  cuhic/oot  of  steam  admitted — 

Di; (9) 

Ifet/eed  water  per  cubic  foot  sujept  through  by  piston — 

^■. (.0.) 

ffeat  rejected  per  cuhic/oot  of  steam  admitted — 

H,Di  =  (H,-U)D,j (11.) 

Heat  rejected  per  cubic  foot  swept  through  by  piston — 

H^,^(H,-U)D,. ^^^^ 

Lbs,  of  water  to  be  injected  into  Hie  condenser  (if  any)  to  abstract 
thathea^— 

fJ(T,-Te)' ^'^-^ 

GMc  feet  to  be  swept  through  by  the  piston  per  minute,  for  eadi 
indicated  horsepovoer — 

33000  _  33000  r  .. 

p^^p-   UD,  ' -^^^^ 


Available  heat  expendedper  indicated  horse-power  per  Jiour — 
1980000  5i (10. 

The  follo\nng  is  a  numerical  example :—    ^  Q  '"^^  ^y  Goog le 
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Data. 

PreflBoref.  Lbs.  per  aqnan  inch.  Lbi.  per  eqoare  foot. 
Initial,  pi.                   3371  4854 

'Fiaal^p^  10*16  1463 

Back  pnflBuie,  p^  5*00  730 

Tempentores.  Ordinaiy,  T.  Abiolate^  <• 
Of  feed  water  (4.)                95"  556-2 

Of  condensatioii  (5.)  104  565*2 

Of  atmosphere  (6.)  59  520*2 

Results. 

QoantitSei  found  bj  Table  lY.       T.  r.  L.  D. 

Ooirespondingtop^.       257         718*2        59720        0-08285 
„  „      P2-       ^94        <^55'2        20280        0*02685 

Eatio  0/ expansion — 

Energy  per  cubic  foot  of  steam  admiUed — 

TJ  Di  =  772  X  008285 1 718*2  —  655*2  (l  +  hyp  log  ^^  } 

+  y^X  59720 +  2*875x743 

=  182  +  5239  +  2136  =  7557  foot-lbe. 
Mean  ^bctive  pressure — 

^  1^5 "  ^^        square  foot 

=  18*25  lbs.  on  the  square  incL 

ffeat  expended  per  cubic  foot  of  steam  admitted — 

Hi  Di  =  772  X  0*08285  (718*2  —  556-2)  +  59720 

=  10362  +  59720  =  70082  foot-lbs. 

Heat  expended  per  cubic  foot  su^  through  by  piston^  <yc  pressure 
equivalent  to  Iieat  expended — 

H  T)      70082 
^^   ^=  2W^ " 24376  lbs.  on  the  square  foot 

« 169-3  lbs.  on  the  square  incL  ^^glc 
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Efficiency  of  steovm — 

U      7559      2629       18^25 
l^'" 70082* 24376 "169-3  -"'^"^•• 

Net  feed  vxUer  per  cubic  foot  swept  ifvrough  by  piston--^ 

5i=?^^|??^=0-0288  lb.  =  0O0046  cubic  foot  nearly. 

Heat  rejected  per  cubic  foot  of  steam  admitted — 

Hj  Di  =  70082  —  7557  =  62525  foot-lbs. 
Heat  rejected  per  cubic  foot  swept  ih/rough  by  piston-^ 
62525 


(-875 


=  24376  —  2629  =  21747. 


Injection  waiter  required  to  condense  the  steam,  per  cubic  foot  swept 
through  by  piston — 

21747  1 

-i?-^^ TT  «  0-626  lb.  =-—  cubic  foot  nearly. 

772  X  (104  — 59)     "^^"^"-     jQQ  ^oic  low  nearly. 

Cubic  feet  to  be  swept  through  by  the  piston  per  minute,  for  ecu^ 
indicated  horse-power — 

??^=  12-55 
2629 

(or  12-55  X  60  =  753  cubic  feet  per  hour). 
AvaUahU  heat  expendedper  indicated  hone-^power  per  hmur— 

1^?«°M^  =  18,384.400  foot-lbs. 
efficiency  =  0-1077 

To  show  bow  this  expenditure  of  available  heat  is  connected 
with  the  consiunption  of  coal,  let  the  coal  be  of  such  a  quality, 
that  the  total  Iieat  of  combustion  of  one  lb.  of  it  is 

10,000,000  foot-lbs. 

(corresponding  to  a  theoretical  evaporative  power  of  about  13-4). 

Let  the  efficiency  of  the  furnace  be  0*54;  so  that  the  available 
heat  of  combustion  of  one  lb.  of  coal  is 

5,400,000  foot-lbs. 

.  Then  the  consumption  of  coal  in  the  engine  now  under  considera- 
tion, per  indicated  horse-power  per  hour,  is 
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1^??^= 3405  lb.. 
5400000     ^  *"*'*"*• 

The  following  are  some  deductdons  from  the  previous  calcnlar 
tions: — 
Net  feed  water  per  indicated  haree-pawer  per  hour— 

0-0288  X  753  =  21-7  Iba  =  0-347  cubic  foot 

If^eethn  water  per  indicated  horee-pawer  per  hour— 

0-626  X  753  =  471-4  Iba  =  7-54  cubic  feet* 

285.  AnH^zlMoie  FMnmibB  f«r  lV«»-CMi<iactlBg  Cylindon. — ^The 
formulss  in  the  preceding  Article  which  give  the  mean  effective 
pressure,  and  the  work  of  a  given  quantity  of  steam,  are  incon* 
venient  in  practice  from  the  length  of  the  calculations  which  their 
use  involves,  and  from  the  circumstance,  that  although  they  serve 
to  compute  directly  the  ratio  of  expansion  when  the  initial  and 
final  pressures  are  given,  they  cannot  be  so  employed  when  the 
initial  pressure  and  ratio  of  expansion,  but  not  tne  final  pressure, 
are  given,  except  by  the  aid  of  a  tedious  process  of  trial  and  error. 

For  practical  use  in  ordinaiy  cases,  therefore,  it  is  desirable  to 
have  a  set  of  formulsB  in  which  the  computations  are  less  tedious, 
and  which  can  be  used  directly  when  the  ratio  of  expansion  is  one 
of  the  data.  When  the  initial  pressure  is  not  less  than  one  atmo- 
sphere, nor  more  than  twelve  atmospheres,  such  a  set  of  formulae, 
sufficiently  accurate  in  all  ordinary  cases,  are  deduced  from  the 
fikct,  already  stated  in  Article  282,  that  during  the  expansive 
working  of  steam  represented  by  an  adiabatic  line, 

^^^_«  nearly. 
The  following  are  the  formulse  thus  obtained : — 

Data* 

Pi,  absolute  pressure  of  admission; 

r,  ratio  of  expansion; 

Pj^  mean  absolute  back  pressure ; 

r^  absolute  temperature  of  feed  water — 

.     (  =  T,  +  46r-2); 

Tg,  temperature  of  condensation; 
T^  temperature  of  atmosphere. 

*  The  fimdaineDtal  fonnulfe  of  Article  284  were  fint  published  in  a  paper  sent  to 
the  Boyal  Society  in  December,  1853,  and  pnbliahed  in  the  PhUosophioal  TVtmaac- 
iion$  toe  1854.  The  same  formuUB  were  also  discovered  independently  by  Proftwor 
Claosios  abont  1855,  and  published  by  him  in  Foggendorff  *s  Anruden  for  1856. 
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BIBSULT& 

10 

Final prtsiuref  Pt-Pi  ***""•  i (!•) 

Mean  total  pressure — 

P«  =  Pi(l0r--9r-T)> (2.) 

Mean  effective  pressure — 

p.  =  p^—Ps^Pi{lOr^'  —  9r'T)—Pt (3.) 

The  three  preceding  formnlie  are  applicable  to  pressures  expressed 
in  any  kind  of  tinits. 
Energy  per  cubic  foot  of  steam  admitted — 

rp.=.r(p.--pj)  =  P4(lO  — Qr-j)— rpjj (4.) 

in  which  the  pressures  are  in  lbs.  on  the  square  foot. 

To  facilitate  the  nse  of  these  formulsB,  the  values  of  the  ratios 

«  10 

^  =  10r-'  — Or"?; 

and  r?==lO  — 9r-i; 

Pi 

and  their  reciprocals,  are  given  in  Table  TIL  at  the  end  of  the 

volume,  for  values  of  the  "  admission  "  or  "  cu«  o^"  -,  increasing  at 

first  by  differences  of  0-025,  and  afterwards  by  differences  of  0*05. 
Intermediate  values  of  the  above  ratios  can  easily  be  computed, 
when  required,  from  those  given  in  the  table,  by  interpolation. 

Where  the  approximate  formulas  of  the  present  Article  are  used 
for  calculating  the  energy  exerted,  and  the  mean  effective  pressure, 
the  expenditure  of  heat,  the  feed  water,  injection  water,  kc^  may 
easily  be  computed  by  the  formula  already  given  in  the  preceding 
Article.  But  in  cases  where  special  accuracy  is  not  required,  the 
expenditure  of  heat  may  be  computed  approximately  with  less 
trouble  by  the  following  approximate  formuks : — 

Heat  expended  in  foot-lbs.  per  cubic  foot  of  steam  admitted — 

Hi  Di  =  13i  pi  +  4000  nearly, (5.) 

Pi  being  in  lbs.  on  the  square  foot; 

Heat  expendedper  cubic  foot  swept  through  by  piston^  or  pressure 
equivalemt  to  Iieat  expended — 

H,  D,     13i  p,  +  4000  lbs.  per  square  foot  ,^ . 

~^  = r > W 
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Equiyalent  pressure  in  )      l^jpi  +  27*7  lbs,  per  square  inch  ,^ 
lbs,  per  square  inch  J  *  r  •\"  ^/ 

In  the  following  numerical  example,  the  pieoeding  9;pptoidmM.te 
formulsB  are  applied  to  the  case  alrc^uly  calculated  in  the  preceding 
Article^  the  ratio  of  e^qMuision  being  supposed  to  be  given. 

Data. 

Initial  pressure,    p^  =■  33*71  lbs.  per  square  inch  ; 
Batio  of  expansion,        r  =  2*875,  so  that 

Admission,  -  =  0*348: 

Mean  back  pressure — 

Pg  =  5  lbs.  per  square  incL 

Computation  of  the  ratio  — ,  from  Table  VIL — 

1  ^  Pm  Pm 

♦•         ^      Pi         Pi 

•3  -639 

•05  -058  =  A  •  -  X  116  neai-lj 

•35  ^697 

Therefore,  for  -  =  348  =  -35  —  -003, 

r 

^  =  -697  —  -002  X  1*16  =  -695  nearly: 
JPi 
Mean  total  pressure — 

j>«»  33*71  X  695  =»  23*43  lbs.  on  the  square  inch. 

Mean  ^ecOve  presatire — 

p,  =  Pm  —Pt  =  23*43  —  5*00  =  18*43  lbs.  on  the  square  inch  ; 

The  same  as  computed  by  )   -ion;; 

the  exact  formula /  ^^'"^^        "  " 

or  about  ^^^^^^ +  ^'^^        "        Dig  i-d  by  Cooglc 
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FreB9wre  eqidvalerU  to  heat  expended — 

13^x33-71 +  27-7    ,_.,  ^,  .    , 

— - — oTqtk ~  ^""  **^  ^^  "^®  square  incli; 

The  same  as  computed  )     ^  /»g.Q 

by  the  exact  formula,/  ^^        »*  »» 

Difference, —  3*3        „  „ 

or  about  -h* 

Efficiency  of  the  steam,  -^^  =  0-1110 
loo 

The  same  as  computed  by )      0*1077 
the  exact  formulae, / 

Difference, +  0-0033 

or  about  iV« 

The  errors  arising  from  the  use  of  the  approximate  formnln,  of 
which  examples  have  just  been  given^  are  in  most  cases  practically 
unimportant.* 

286,  Vm»  W  ilM  0lMnt  JacfeMit,  «■«  H«t  Air  Jaclwt.t — ^The  con- 
clusion theoretically  demonstrated  in  Article  283,  that  when  steam 
or  other  saturated  vapour  in  expanding  performs  work  by  driving 
a  piston,  and  receives  no  heat  from  wii£out  during  that  expansion, 
a  portion  of  it  must  be  liquefied,  is  confirmed  by  experience  in 
actual  steam  engines;  for  it  has  been  ascertained,  that  the  greater 
part  of  the  liquid  water  which  collects  in  nnjacketed  cylinders,  and 
which  was  once  supposed  to  be  wholly  carried  over  in  the  liquid 
state  from  the  boiler  (a  phenommion  called  ''priming")  is  produced 
by  liquefiu^tion  of  part  of  the  steam  during  its  expansion ;  and  also 
that  the  principal  effect  of  the  "jacket"  or  annular  casing  envelop- 
ing the  (^lind^,  filled  with  hot  steam  from  the  boiler,  which  was 
one  of  the  inventions  of  Watt,  is  to  prevent  that  lique&ction  of  the 
steam  in  the  cylinder. 

That  liqne&cticHi  does  not,  when  it  first  takes  place,  directly 
constitute  a  waste  of  heat  or  of  energy;  for  it  is  accompanied  by  a 
corresponding  performance  of  work.  It  does,  however,  afterwards, 
by  an  indirect  process,  diminish  the  efficiency  of  the  engine;  for 
the  water  whidi  becomes  liquid  in  the  cylinder,  probably  in  the 
form  of  mist  and  spray,  acts  aa  a  distributer  of  heat,  and  equalizer 

*  These  approximate  formala  were  first  published  in  A  Mamul  qf  ApplM 
Jdechamca,  1858,  Article  656. 

t  Articles  286,  287,  288,  and  289,  are  to  a  great  extent  extracted  and  abridged 
from  a  paper  read  to  the  Royal  Society  in  January,  1869. 


306  8TEAM  AND  OTHBR  HBAT  E3rODfB& 

of  temperature,  abetracting  heat  horn  tlie  hoi  and  dense  steam 
daring  its  admission  into  the  cylinder,  and  oommnnicating  that 
heat  to  the  oool  and  rarefied  steam  which  is  on  the  point  of  being 
discharged,  and  thus  lowering  the  initial  pressure  and  increasing 
the  final  pressure  of  the  steam,  but  lowering  the  initial  pressure 
much  more  than  the  final  pressure  is  increased;  and  so  producing 
a  loss  of  energy  which  cannot  be  estimated  theoretically.  Aooord- 
ingly,  in  all  cases  in  which  steam  is  expanded  to  mono  than  three 
or  four  times  its  initial  folume,  it  has  in  practice  been  found 
advantageous  to  envelop  the  cyUnder  in  a  steam  jacket  The 
liquefiEtction  which  would  otherwise  have  taken  place  in  the 
cylinder,  takes  place  in  the  jacket  instead,  where  the  presence  of 
tiEie  liquid  water  produces  no  bad  effect;  and  that  water  is  returned 
to  the  boiler. 

In  double  cylinder  engines,  where  the  expansion  of  the  steam 
begins  in  a  smaller  cylinder,  and  finishes  in  a  laiger,  the  usual 
practice  is  to  have  steam  jackets  round  both  cyliMcrs;  but  in  a 
l^w  examples  in  which  the  smaller  cylinder  alone  is  jacketed,  the 
liquefaction  is  found  to  be  prevented,  showing  that  the  steam 
during  its  passage  from  the  small  into  the  large  cylinder,  receives 
sufficient  heat  either  directly  from  the  small  cylinder,  or  indirectly 
by  conduction  from  the  small  to  the  large  cylinder  (which  is  in  doee 
contact  with  the  small  cylinder),  to  prevent  any  appreciable  portion 
of  it  frx>m  condensing. 

It  is  desirable  that  a  small  quantity  of  the  steam,  not  i^preciable 
in  calculating  the  efficiency  of  the  engine,  should  be  liquefied,  in 
order  to  lubricate  the  packing  of  the  piston.  This  generally  does 
take  place  in  jacketed  engines,  and  is  probably  the  effect  of  attrac- 
tion between  the  particles  of  water  and  the  metal 

The  effect  of  a  steam  jacket  in  preventing  condensation  may  be 
produced  by  a  ^  air  jacket;  that  is,  by  a  flue  round  the  cylinder; 
or  by  enclosing  the  cylinder  in  the  smoke  box,  as  is  done  in  many 
locomotive  engines.  The  advantages  of  this  are  well  shown  in 
Mr.  D.  K.  Clark*s  work  on  RMway  3faMnary.  With  this 
apparatus,  however,  there  is  not  the  same  security  against  over 
dryness  of  the  packing  that  there  is  with  the  steam  jacket 

287.  Backmcr  •f  ^^tj  nmtmna^d  memm. — In  the  following  inves- 
tigation, it  is  assumed  that  the  steam  in  the  (^linder,  while 
expanding,  receives  just  enough  of  heat  from  the  steam  in  the 
jacket  to  prevent  any  appreciable  part  of  it  fr^m  condensing,  with- 
out superheating  it  TMb  assumption  is  founded  on  the  fiiur^  that 
dry  steam  is  a  bad  conductor  of  heat  as  compared  with  liquid  water, 
or  with  cloudy  steam,  and  that  after  cloudy  steam  hais  received 
enough  of  heat  to  make  it  dry,  or  nearly  dry,  it  will  reo^ve  addi- 
tional heat  very  slowly. 
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The  assomptioii  is  justified  hy  the  fiict,  that  its  results  ai*e  oon* 
firmed  hy  experiment 

The  symbol  v  is  used  to  denote  the  Yolume  of  one  pound  of  steam 
in  cubic  feet,  and  the  symbol  p  to  denote  pressure  in  pounds  on  the 
squiore/oot,  so  that  pressure  in  pounds  on  the  square  inch  is  denoted 

In  fig.  110,  let  B  0  K  be  the  curve  whose  co-ordinates  represent 
the  vdumes  and  pressures  of  dry  saturated  steam. 


V 


OF 


Pig.  110. 


—   -X 


Let  O  A  =  |>i,  and  A  B  =  v^,  represent  the  pressure  and  volume 
of  admission,  and  Tj  the  corresponding  absolute  temperature; 

Let  0'D  =  p^  and  WG  =  v^  represent  the  pressure  and  volume 
at  the  end  of  the  expansion,  and  r^  the  corresponding  absolute 
temperature;  then 

— *  =  r  is  the  ratio  ofexpansum,  and 

V       1 

-1  =  -  the  admission,  or  effective  cuJt^ff. 

»2    r 

Let  O  F  =  j)3  be  the  pressure  of  exhaustion ; 
Let  r^  be  &e  absolute  temperature  of  the  feed  water. 
The  enexgy  exerted  bj  one  pound  of  steam  is  represented  by  the 
area  of  the  diagram,  consisting  of 

the  area  ABCD=  P^vrf;?,  and 
J  p2 

the  area  E  F  D  CsVjCpj  —  Ps)l 

while  the  expenditure  of  heat  per  pound  of  steam  consists  of  the 
following  parts : —  ^  Q 

The  sensible  heat  J  (r^  —  rj;  the  latent  li»£i  bT evaporation 
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at  r^;  and  the  latent  heat  of  expansion,  which  is  oommnnicated 
from  the  steam  in  the  jacket  to  that  in  the  cylinder. 

The  work  of  one  ponj^d  of  diy  saturated  steam  exceeds  that  of 
one  pound  of  steam  whidi  expands  from  the  same  initial  preosure 
to  the  same  final  pressure  without  receiving  heat^  to  an  amount 
represented  by  the  ei^cess  of  the  area  A  B  C  E  F  A  above  the  oor- 
reroonding  area  for  an  unjacketed  cylinder,  while  the  expenditure 
of  heat  is  greater  by  the  quantity  which  the  steam  in  the  cylinder 
receives  during  the  expansion  represented  by  the  curve  B  0. 

The  latent  heat  of  evaporation  of  one  pound  of  steam  at  the 
absolute  temperature  r,  may  be  expressed  with  accuracy  sufficient 
for  the  purposes  of  the  present  investigation,  by  the  formula 

W  =  a  —  br; (1.) 

where 

a=  1109550  foot-lbs.; 

h  =  540*4  foot-lbs.  per  degree  of  FahrenbeiK 

To  find  the  area  A  B  C  D  A,  which  represents  part  of  the  energy 
corresponding  to  any  value  of  p,  the  value  of  t?  is  to  be  expressed 
in  terms  of  H',  the  corresponding  latent  heat  of  evaporation, 
according  to  the  principle  of  Article  256,  giving 

a  —  hr (lA.) 

which,  being  multiplied  by  -^  d  r,  and  int^rated  between  ^  and 

Lj  the  initial  and  final  temperatures  of  the  expanding  steam,  we 
oDtain  for  the  area  A  B  C  D  A — 

=  a'hyp.  log.  — -6(ti  -ti);. «..,(2.) 

to  whioh,  adding  the  rectangle  I>  C  £  F,  the  energy  exerted  on  the 
piston  by  one  pound  of  steam  is  found  to  be 

Xr^  f^vdp  +  v^{p^''P^) 
J  Pi 

=  a  -hyp.  log.  ^  -  6 (ri  -  rj)  +  v^{p^^p^'r (3.) 

in  whicb 

a  a  1100550  foot-lbs. ;  b  »  540*4  foot-lbs.  per  degree  of  FaK? 


BET  SATURATED  fiTTIAlL  399 

The  MBAisr  BPFSonYE  pbessube,  or  work  per  unit  of  yolome  tra- 
versed by  the  piston,  is 

^ i^.) 

The  heat  expended  jm  pound  of  steam,  by  a  different  mode  of 
division  fix>m  that  previously  given,  is  computed  as  follows : — 

Part  of  the  sensible  heat  for  raising  one  pound  of  water  from  the 
temperature  of  the  feed  to  the  final  temperature  of  the  expansion, — 

latent  heat  of  evaporation  at  the  temperature  t„ — 

heat  transformed  into  mechanical  energy  between  the  temperatures 
Ti  and  Tj, — 

ABCDA=/     vdpfSam  equation  2. 
J  Pi 

The  addition  of  these  quantities  gives  for  the  whole  expenditure  of 
heat  in  foot-pounds  of  energy  per  pound  of  steam, — 

rpi 

|l  =  J(T,-T4)  +  a-6r2+  /     vdp 
J  Pi 

=  J(r,-T4)  +  aA+hyplog^M-6c.i (5.) 

(J  =  772  foot-pounds  per  degree  of  Fahrenheit). 

The  heat  expended  per  unit  of  space  traversed  by  the  piston  is 
equivalent  to  a  pressure  whose  intensity  is 

^^"2 (6.) 

The  SFFiciENCT  of  the  steam  is  the  ratio, 

T^+ir, (7.) 

of  the  energy  exerted  by  the  steam  on  the  piston  to  the  heat  ex- 
pended on  the  steam;  and  that  ratio  having  been  determined,  the 
available  heat  of  a  pound  of  fuel  may  be  computed  from  the  indi- 
cated work  per  pound  of  fuel,  or  vice  versa,  by  means  of  the  equa- 
tion,— 


available  heat        if  C^r^f^nlfA\ 
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In  tlie  practical  uie  of  equations  3,  4,  5,  6,  7,  and  8,  the  nmud 
data  are, — 

theinUial  pretiure  Pi 

tlie  ratio  o/expantion  r, 

the  back  prutewrt  p^, 

and  the  ah$olute  temperature  of  the  feed-water  t^z=T^  +  i^r-U. 

From  Pif  by  the  aid  of  known  formuUa  or  of  Table  YL,  are  to 
be  found  r^  and  Vy     Then 

and  from  v^  by  the  aid  of  the  same  formul»  or  of  Table  YL,  are 
to  be  found  r.  and  p^  and  thus  are  completed  the  data  for  the  use 
of  equations  3  and  6, 

Let  O  L = j>0  represent  the  pressure,  and  L  K  =  t^o  the  yolume, 
of  a  pound  of  steam  at  some  standard  temperature,  such  as  that  of 
melting  ice  (ro  =  32^  +  ier'2  ==  493''-2  Fahrenheit),  and  let 

U=  P  t^rfp^a-hyplog  1  -6(r-^,) (9.) 

be  the  area  contained  between  L  K  and  another  paraUel  ordinate 
of  the  curve  B  C  K  corresponding  to  the  absolute  temperature  r. 

Then  by  the  aid  of  yalues  of  the  function  U,  as  ffiven  or  inter- 
polated in  Table  VL,  the  equations  3  and  5  can  be  put  in  the 
following  form : — 

T7'  =  XTi-F,  +  r,(ft-i,^; (10.) 

J  =  U,  — XT,  +  J(r,_r^  +  »_6T, (11.) 

=  TTi-TT,  +  H,-A,; (12.) 

in  which  last  expression  for  the  heat  expended,  H«  denotes  the 
total  heat  qf  evaporation,  from  r^,  at  tp  and  h^  tiie  heat  saved  in 
consequence  of  the  temperature  of  the  feed-water  being  T^,  instead 
of  that  of  melting  ice, — ^both  quantities  as  given  or  interpolated  in 
the  columns  respectively  headed  H  and  h  in  Table  Y  L 

The  following  statement  then  gives  at  one  view  the  formula 
applicable  to  engines  worked  by  sensibly  dry  saturated  steam : — 

Data. 
Pv  n  Pp  ^v  ^  al^^dy  explain^^^'  by  Google 
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Eesttlts. 

V|,  voLumt  of  ono  lb.  of  steam  vslven  admitted^  to  be  found  or  in- 
terpolated in  the  column  headed  V,  Table  VL 
YoImim  at  end  of  expaTision, — 

V2  =  rv^', (13.) 

Final  fyreafure,  p^,  and  temperature  T*,  to  be  found  or  interpo- 
lated in  the  columns  headed  P  and  T,  Table  VL 

XJ',  energy  exerted  by,  and  f|,  heat  expended  on,  one  lb.  o/steamf  to 
be  found  by  equations  10  and  12,  with  Table  VI.,  or  by  equations 
3  and  5,  without  the  Table. 

Mean  ^ective  pressure, — 

P.^Pm  —  P^-=~ W 

Pressfwre  equivalent  to  expendihJLre  of  available  heat, — 

p^=A^ (^'^•) 

Efficiency  of  steam, — 

£.,«iZ=£j^5'. (16.) 

Net  feed  uxUer  per  cubic  foot  noept  through  by  piston, — 

,-V=7^;-- m 

HeaJt  rejected  per  lb,  of  steam, — 

i,-TJ'  =  H,-A,-rj(p,-p,); (18.) 

Heat  r^ected  per  cubic  foot  swept  through  by  piston, — 

^=^=p,-P.; (19.) 

rv^        ^  V     / 


Ir^eotion  water  required  per  lb,  of  steam — 

(Tg,  temperature  of  condensation, 
Tg,  temperature  of  atmosphere). 


^  •  5d 


L  TTf 

772  (T  — ^^1' *(>itis9cib>L»C\0^te) 
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Injection  water  required  per  cubic  foot  swept  through  by  piston — 

P^  —  P»      .  /oi  . 

772(T,-T^> <^^> 

Cubic  feet  svxpt  through  by  piston  per  minute  for  each  indieated 
horee-power — 

'^■. w 

Available  Iieat  expended  per  hour  in  foot-lbs,  per  indicaied  horse- 
pouter — 

1,980,000  _  1,980,000  p,     ^ 

EflSciency  p^  ^    "' 

In  applying  these  formula  to  an  engine  actually  working,  wHoea 
speed  has  been  ascertained,  let 

A  be  the  area  of  the  piston ; 

s  the  distance  through  which  it  moves  at  each  forward  stroke  if 
single  acting,  or  during  a  double  stroke  if  double  acting; 

N  the  number  of  revolutions  per  minute; 

B  the  total  resistance  reduced  to  the  piston ;  then,  as  in  Article 
263,  formula  5,  and  Article  264,  formula  3,  the  energy  exerted  per 
mintUe  is 

N«R  =  N«Ai?.; (24.) 

and  the  indicated  liorse-power — 

N«  A  ^, 

"33oor^ ^^^-^ 

also^  the  available  heat  expended  per  minute  is 

TSsIlp^ J. (26,) 

288.   ApprozlHuile  Vmnmnlm  for  'Owj  Satmwtedi   Sc«ub« — As  the 

formulae  of  the  preceding  Article  require  in  their  use  a  considerable 
amount  of  calculation,  it  is  desirable  to  have,  for  the  purpose  of 
solving  ordinary  practical  problems^  approximate  formulsB  of  a  more 
simple  kind.  Those  which  will  now  be  explained  have  been 
arrived  at  by  a  process  of  trials  and  their  agreement  with  the  exact 
formulflSy  and  with  experiment,  has  been  tested  for  initial  prdBsures 
ranging  from  30  to  120  pounds  on  the  square  inch,  and  for  ratios 
of  expansion  varying  from  4  to  16.  They  may  therefore  be  applied 
with  confidence  to  engines  working  within  tiiese  limits,  and  pro- 
bably somewhat  above  them;  but  for  pressures  much  exceeding 
120  lbs.  on  the  inch,  and  ratios  of  expansion  much  exceeding  16, 
it  is  advisable  for  the  present  to  use  the  exact  ^<^JgJ^jMgoOQlc 
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The  foundatioii  of  the  approximate  formulsB-is  the  fact,  th&t  for 
pressures  not  exceeding  120  lbs.  on  the  inch,  or  17,280  lbs.  on  the 
square  foot,  the  equation  of  the  curve  B  C  K,  fig.  110,  is  very 
nearly 

pccV  re (1.) 

This  equation  is  very  convenient  in  calculation,  because  the 
sixteenth  root  can  be  extracted  with  great  rapidity  to  a  degree 
of  accuracy  sufficient  for  practical  purposes,  .by  the  aid  of  a  table 
of  squares  alone;  and,  by  a  little  additional  labour,  without  any 
tables  whatsoever. 

Let  r,  as  before,  be  the  ratio  of  expansion;  then  we  have 
evidently, 

17 

ihe final presntre —  P2=^Pi'^  ""  ^^> \^v 

the  eriergy  exerted  (m  the  pisUmhy  (me  p(mrid  0^ 

=  !;,{;>,  (l7r-^-16r-rJ)-p3}; (3.) 

XT' 
IhenkeanMalpreemre^  \'P^; (4.) 

=l'.  =  l'i(l7r-^-16r-rD; (5.) 

the  mean  effedbm  preegwre,  or  energy  exerted  per  cubic  foot — 

i^*  =  l>.  — A  =  — =  i>i  \^17r-»~  16r    laj  —p^ (6.) 

It  is  evident,  that  if  the  pressure  of  exhatistion  p^  be  given,  and 
any  two  out  of  the  three  following  quantities — the  initial  pressure 
p« ,  the  mean  effective  pressure  p^  —  p^  the  ratio  of  expansion  r — 
the  fourth  quantity  can  be  calculated  directly,  if  it  is  one  or  other 
of  the  pressures  p^,  p^ — p^i  and  if  it  is  the  expansion  r,  it  can  be 
found  by  approximation. 

The  approximate  formula  for  the  expenditure  of  heat  per  lb.  of 
steam,  which  has  been  found  by  trial  to  agree  veiy  closely  with  the 
exact  formula  within  the  limits  already  specified,  and  when  the 
feed  water  is  supplied  at  a  temperature  of  from  100°  to  120'' 
Fahrenheit^  is  as  follows : — 


j=i5j^„^=HiM|r-/£?°a!%.) 
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80  that  the  heaJt  expended  per  cubic  footy  or  the  pressure  per  square 
foot  o/pisUm  to  which  the  expenditure  of  heat  is  equivalent ^  is 

,^=i-Hi£j (a) 

This  gives  for  the  ^ffieieney 

by  means  of  which,  when  the  work  of  a  pound  of  coal  is  known,  its 
available  heat  can  be  computed,  and  vice  versa,  as  with  the  exact 

formula.  .rr^---r 

To  fiunlitate  the  use  of  these  approximate  formuUe,  Table  VliL, 
at  the  end  of  the  yolume,  gives  the  ratios 

?==17r-»  — 16r-I5,and 


Pi 


!^  =  17  — ler-ifi, 


and  their  reciprocals,  for  a  series  of  values  of  1  -f-r;  and  the  ri^ht- 
hand  division  of  the  diagram  opposite  page  568  shows  the  values 
of  p^  4-pi  for  various  values  of  1  -;-  r  by  inspection.  For  a  geo- 
metrical approximation  to  that  ratio,  see  the  Appendix,  page 
552. 

288A.BxaMplca  •f  the  Acdmt  •f  l^rj  ««lwaledl  StMBi. — ^The  fol- 
lowing examples,  being  taken  from  the  performance  of  actual 
engines,  are  intended  at  once  to  illustrate  the  use  of  the  formulte 
in  Articles  287  and  288,  and  to  compare  their  results  with  those  of 
experiment 

In  comparing  the  results  of  formulte  for  the  expansive  working 
of  steam  with  uiose  of  the  indicator  diagrams  of  engines,  it  is  not 
to  be  expected  that  the  indicated  pressures  corresponding  to  parti- 
cular volumes,  during  or  at  the  end  of  the  expansion,  -mil  closely 
agree  with  those  given  by  calculation;  because  considerable  devia- 
tions, alternately  upwards  and  downwards,  arise  from  the  friction 
of  the  indicator,  the  elastic  vibrations  of  the  indicator  spring,  and 
the  pulsations  of  the  particles  of  the  steam  itself.  In  the  course 
of  a  complete  stroke,  however,  those  deviations  neutralize  each 
other,  so  that  the  indicated  mean  ^ecHve  pressure  ought  to  agree 
with  that  given  by  theory.  If  the  theory  is  sound.  About  half  a 
pound  on  the  square  inch,  or  72  lbs.  on  the  square  foot,  may  be 
considered  as  an  ordinary  limit  of  error  in  indicator  diagrams. 
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Two  examples  of  the  application  of  the  foimula  to  actual  engines, 
and  of  the  comparison  of  their  results  with  those  of  experiment, 
are  annexed. 

Example  L — Double-cylinder  engines  of  744  indicated  horse- 
power, calculated  by  exact  formuln : — * 

Data— 

Bottom  of  Top  of 

oylinden.  cylioden. 

Pressure  of  admission,  p^  -*•  144, 337  34'3 

Back  pressure,  j9s-T- 144, 4*0  4*0 

Batio  of  expansion,  r,. 4^  6\ 

Ordinary  temperature  of  feed  water  T4  =  about  104®  Famren- 
heit. 


Calculated  Eesults — 

Bottoin* 
Final  Tolume  of  1  lb.  of  steam,  r^^rt^,     50*375 

Final  pressure,  ^2  "^  1^^> 7*3^7 

Work  of  1  lb.  of  steam,  U', 109552 

Mean  effective  pres- ^     -g-/       «  — « 

sure  in  pounds  on  Vyjj—=?!^,...     15-1 

the  inch, j  ^^*  ^s       ^** 

Mean  of  both  results, 13*03 

Mean  effective  pressure  as  observed,  \ 

being  the  mean  result  of  a  series  >  13*10 

of  duigrams, j 


Topw 
74-4 

4867 
"7338 

10*95 


Difference, 

being  within  the  limits  of  errors  of  observation. 


—  0*07 


Bottom. 

Foot-lbt. 

Available  heat  expended  per  pound)      o5o8o 

of  steam,  fi, j    ^    ^^ 


Pressure  in  pounds  per  square  inch ) 

equivalent  to  heat,  ji?^  4- 144, j 

Mean, 


Efficiency, 


~pr'' 


"5 
1057 

0-I2I 


Top. 
Foot-lbf. 

925^78 
86-4 

0*127 


Mean,  1303-r  105-7, 0123 

*  These  are  tbe  endnes  made  br  Messri.  Randolph,  Elder,  k  CWfor  the  stetmer 
"  Admiral,''  bmlt  by  flr.  James  R.  "Napier.  9^^^^  ^v^ 
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NetfmdvxOerper  cubic  foot  swept  through  by  pistoiu — 

D  ^  Bottom.  Top. 

—impounds, 0*0199  0*0134 

Mean, ox>i67 

^'^{Z^!^!""!:^!^^.!^.^^^}  ?9?'437    808,340 

Per  cubic  foot  swept  through  by  pistons^     1 5,830  10,865 

.  Mean, 13,347 

Injection  uxUer  required  in  pounds  per  \ 

cubic  foot  swept  through  by  pistons,  >  0*384 

T5  -  Tg  being  supposed  =4^°, j 

Atmlable  heat  expended  per  hour  in  foot-pounds  per  indicated 
horse-power — 

'^''-^^'^^■^->'«-- 

The  actual  consumption  of  coal  was  2*97  lbs.  per  indicated  horae 
power  per  hour;  hence  the  available  heat  of  combustion  of  1  lb.  ot 
the  coal  was 

l«^^  =  6,420.000  foot-lbe.; 

which,  if  the  total  heat  of  combustion  of  1  lb.  of  the  ooal  be  esti- 
mated at  10,000,000  foot-lbs.,  gives  for  the  efficiency  qfthejumace 

^^^'  0-542. 

Example  II.,  the  same  engines  calculated  by  approximate  for- 
mulae:— 

Data —  Lbs.  per  inch. 

Mean  pressure  of  admission,  ^j^ =»  34 

Mean  back  pressure,  ~^r 4 

^           .    ff             1     0-24  +  0*16     ^, 
Mean  cut  off,  -  = 5 =  0*2 

Results — 

Mean  gross  pressure,  -^  =  34  x  -505 I7'i7 

Mean  effective  pressure,     ^  if^f  calculated, I3'i7 

observed, i3'io 

Difference, +  007 

Pressure  equivalent  to  expenditure  of  heat,  p^^  -r  144,  105*4  le 

Efficiency,  £^  =  P^^Ps  ^  0.125. 

Ph         Pk 
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289.  Mmikm  for  ■c«ri7-«rT  StMHk— The  rales  of  Articles  287  and 
288  are  aocnrate  for  one  mode  of  expansiye  working  only.  The 
first  five  rules  of  the  present  Article  are  applicable  to  all  modes  of 
expansive  working,  provided  only  that  the  cylinder  is  supplied  with 
heat  enough  to  prevent  any  large  quantity  of  liquid  water  firom 
aocsmolating  in  it;  so  that  the  steam  may  be  said  to  be  nearly 
dry;  and  the  last  six  roles  give  results  for  proposed  engines,  that 
are  accurate  enough  for  most  practical  purposes. 

In  fig.  110a  let  a  F  G  B  H  K  a  represent  the  indicator  diagram 
of  any  steam  engine,  F  being  the  point  of  admission,  G  that  of 
cut-off,  B  the  point  of  release,  where  the  exhaust  port  is  opened,  H 
the  end  of  the  forward  stroke,  and  K  the  point  where  "cushioning*' 
(if  any)  begins  (see  page  420.)  Let  the  horizontal  line  through  0 
be  the  zero  line  of  absolute  pressures,  so  that  heights  above  that 
line  represent  absolute  pressures  of  the  steam;  B  C,  for  example, 
being  the  absolute  pressure  at  the  instant  of  releasa 

Through  B  draw  B  A  parallel  to  the  zero  line;  and,  if  necessary, 
set  back  the  point  A,  so  as  to  allow  for  clearance  (see  page  418), 
in  order  that  the  length  A  B  may  represent  the  whole  volume  of 
steam  contained  in  the  cylinder  and  ports  at  the  instant  of  release. 
From  A  let  fall  the  perpendicular  A  O  upon  the  zero  line.  Then 
horizontal  distances  on  the  diagram  from  the  line  OAF  represent 
volumes  occupied  by  the  steam  in  the  cylinder. 

Then  if  we  calculate  in  a  series  of  particular  cases  by  equation 
5  of  Article  287,  page  399,  a  quantity  which  may  be  called  the 
he(U  ofrdeasey  consisting  of  the  total  heat,  sensible  and  lat^at,  of 
the  volume  of  steam  A  B  at  the  absolute  pressure  C  B,  together 
with  the  quantity  of  heat  which  that  steam  would  carry  off  from 
the  cylinder  and  valve  ports,  supposing  it  to  expand  down  to  the 
back  pressure  without  liquefaction,  that  quantity  is  found  to  be 
given  approximately  to  the  accuracy  of  alK>ut  1  per  cent  by  the 
following  rule : — 

I.  Multif^y  the  product  of  the  absolute  pressure  and  volume  of 
the  steam  at  the  point  of  release  by  16  for  a  condensing  engine,  or  by 
15  for  a  non-condensing  engine.  The  result  will  be  the  mechanical 
equivalent  of  the  heat  of  release,  nearly. 

To  represent  the  preceding  nde  graphically,  in  ^g.  110a  produce 
A  B  to  D,  making  AD  =  16AB  for  a  condensing  engine,  or 
15  A  B  for  a  non-condensing  engine;  complete  the  rectangle 
ABED;  then  the  area  of  that  rectangle  (=  16  or  15  A  B  •  B  0) 
represents  the  heat  of  release,  in  units  of  work. 

The  area,  A  B  H  K,  of  that  part  of  the  steam  diagram  which 
lies  below  the  pressure  of  release  represents  a  portion  of  heat  saved 
out  of  the  heat  of  release,  by  conversion  into  mechanical  work;  and 
the  area,  A  F  G  B,  of  that  part  of  the  steam  diagram  which  lies 
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above  the  pressure  of  release  represents  an  additional  expenditore 
of  heat,  all  of  which  is  converted  into  work.  Hence  the  following 
rules:— 

II.  Whole  heat  expended  on  the  steam  =  area  A  D  E  O  +  area 
A  FOB. 

IIL  Heat  converted  into  mechanical  work'=  area  A  F  G  B  H  K. 

lY.  Heat  rejected  with  the  exhaust  steam  =  area  A  D  £  O  — > 
area  A  B  H  E. 

xr  T?m  '  c^i.     i,  areaAFGBHK 

V.  Efficiency  of  the  steam  = .  ^^  u*  rx  i >  „  ^  -p. 

^  area  A  D  E  O  +  area  A  F  G  B 


In  applying  the  same  principles  to  proposed  engines,  the  i 
assumption  may  be  made  as  in  Article  278,  pages  375  to  377;  that 
is,  AB  may  be  treated  as  representing  the  whole  capacity  of  the 


Fig.  110a. 

<^linder;  and  E  A  F,  F  G,  B  H,  and  H  K,  as  straight  lines.  Also, 
the  expansion  curve  G  B  may,  without  material  error,  be  treated 
as  a  common  hyperbola.  To  produce  such  a  curve,  the  steam  must 
contain  a  little  liquid  water  on  its  admission,  or  immediately  after- 
wards; and  that  water  must  be  evaporated  during  the  expansion 
by  means  of  heat  communicated  to  it  from  the  cylinder,  which 
must  receive  heat  either  by  jacketing  or  by  superheating. 
Then  the  following  approadmoUe  rules  are  applicable : — 
YL  To  calculate  the  abadvie  presswre  ofrdeaae;  divide  the  initial 
absolute  pressure  by  the  rate  of  expansion ;  that  is  to  say,  make 

.ft=-? (1) 

YIL  To  calculate  the  ratio  of  the  mean  absolute  pressure  to  the 
initial  absolute  pressure;  make 

Pm  _  1  +  hyp  log  r.  .^ 

Vi  r  ' ^^•> 

r  denoting  the  rate  of  expansion.     For  values  of  this  ratio  and  its 
reciprocal,  see  Table  XI.,  page  443. 
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VIIL  To  calculate  the  mean  effective  pressure;  fix)m  the  mean 
absolute  pressure  subtract  the  mean  back  pressure,  estimated  as  ia 
Article  280,  page  382;  that  is  to  a&j,  as  before; 

Mean  effective  pressure,  p,  = /?.  -  p^ (3.) 

IX  To  find  a  pressure  equwaleni  to  the  rate  of  expenditure  of 
available  heat:  to  the  mean  absolute  pressure  add  15  times  the 
pressure  of  release  in  a  condensing  engine,  or  14  times  that  pressure 
in  a  non-condensing  engine;  that  is  to  say,  make,  in  condensing 
engines; 

Pa  -  P.  +  ^^Pil (*•) 

or  in  non-condensing  engines, 

Pa  =Pm  +  Uft (4a.) 

X  The  efficiency  of  the  steam,  as  before,  ii 

Pj^P^  —  Pz (s\ 

Pk         Pk  ^  ^ 

XI.  The  mechanical  equivalent  of  the  refected  heai  is  found  by 
multiplying  the  space  swept  through  by  the  piston  by 

15  p^  H~P3  in  condensing  engines; (6.) 

or  1 4  P2  +  Ps  ^  non-condensing  engines (6a.) 

Example. — Data — Condensing  engine,  absolute  initial  pressure 
p^  =r  34  lbs.  on  the  square  inch. 

Kate  of  expansion,  r  =  5. 

Mean  back  pressure,  Ps  =  ^  ^^  ^^  ^^®  square  inch. 

Results. — (1.)  Pressure  of  release,  p^  =  Pi  -i-  5  =z  68  lbs.  on  the 
square  inch. 

(2  N  ^- =  Ldlte2«^  =  ?:^  =.  0-522. 
^  ^  Pi  5  5 

Therefore,  mean  absolute  pressure,  p.  =  34  X  0*522  =  17*75 
lbs.  on  the  square  inch. 

(3.)  Mean  effective  pressure,  p^  —  p^=  13*75  lbs.  on  the  square 
inch. 

(4.)  Pressure  equivalent  to  rate  of  expenditure  of  available  heat, 
p^  s  17*75  +  (15  X  ^'^)  =  119*75  lbs.  on  the  square  inch. 

(5.)  Efficiency  of  steam  =  ^^^  =  0*115. 

(6.)  Mechanical  equivalent  of  rejected  heat  =  space  swept 
through  by  piston  x   106  Iba  on  the  square  inch.* 

*  The  rales  of  this  Article  first  appeared  in  the  Engineer  of  the  Sth 
January,  1866,  where  examples  are  given  in  greater  detail 
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289  A.  c«BdieMiMs  wu^h  Pre— re  Km^jtm^m, — ^This  term  may  be 
applied  to  engines  such  as  Mr.  Beattie*s  locomotives,  in  which, 
attiion^  the  steam  is  dischaiged  fix>m  the  cylinder  at,  or  a  little 
above,  the  atmospheric  pressure,  a  portion  of  it  is  condensed  for 
the  purpose  of  heating  the  feed  water,  the  remainder  being  used 
to  niake  a  blast  in  the  chimney.  This  is  effected  by  conducting 
steam  through  a  branch  from  the  exhaust  pipe  into  a  close  vessel, 
through  which  there  flEdls  a  shower  of  water  from  the  water  tank. 
From  the  bottom  of  that  vessel  water  is  drawn  by  the  feed  pump, 
and  forced  into  the  boiler,  its  temperature  being  usually  about 
200P  Fahrenheit 

In  applying  the  exact  formulse  to  this  case,  T^  is  to  be  made 
s  200""  Fahrenheit,  or  whatever  other  temperature  the  feed  water 
may  have. 

In  appljring  the  approximate  formulie,  the  results  of  the  follow- 
iiiffcalculation  will  in  general  be  found  sufficiently  accurate. 

Irhe  approximate  expression  already  given  for  the  expenditure 

of  heat  per  unit  of  volume  swept  through  by  the  piston,  viz.,  — ^-^, 

was  obtained  upon  the  supposition  of  the  temperature  of  the  feed 
water  being  104'',  or  thereabouts.  Eeferring  to  Article  215  a, 
and  to  the  Table  in  page  256,  let/  denote  the  ^^/aotor  of  evapora- 
tion'' for  the  boiling  point  of  the  water  in  the  boiler,  and  for  the 
temperature  of  feed  water  104**;  and  let/*  be  the  factor  of  evapora- 
tion for  the  same  boiling  point,  and  for  the  temperature  of  feed 
water  200°;  then  the  expenditure  of  heat  will  be  reduced  very 

nearly  in  the  proportion -=7-,  so  that  the  approximate  formula  for  the 

expenditure  of  heat  per  unit  of  volume  swept  through  by  the  piston 
will  now  be 

Hi_/:  i5ift  ... 

i^-"/'      r     ^'*^ 

For  example,  let  the  boiling  point  be  320°  Fahrenheit,  which 
corresponds  to  a  pressure  of  89*86  lbs.  on  the  square  inch  in  all,  or 
75  lbs.  above  the  atmosphere  nearly;  then 

/'=  1-04;/=  115;  and 

5i  =Ii?i  nearly. (2.) 

The  pipe  for  conducting  steam  from  the  exhaust  pipe  to  the 
condenser  has  a  cock  or  valve,  by  means  of  which  its  opening  is 
adjusted  until  it  transmits  the  greatest  quantity  of  steam  com- 


HIGn  PBB88UBE  COKDENSEB — ^WIBE-DBAWN  STEAJL  413 

patible  with  complete,  or  nearly  oomplote,  condensation.  According 
to  experiments  on  Mr.  Beattie's  engines  described  by  Mr.  Patrick 
Stiriingy  about  onB-fowrth  of  the  whole  exhaust  steam  is  required 
for  this  purpose;  and  the  remaining  three-fourths  are  adequate  to 
produce  a  sufficient  blast  in  the  chimney. 

290.  HiMTcreBce  beCwe«B  Preamire  in  B«iler,  aa4  lalttel  Pr— ita 
la  Critedcr.— Wire-lHvwii  Steam. — The  fall  which  the  pressure  of 
the  steam  undergoes  during  its  passage  from  the  boiler  to  the 
cylinder,  is  due  to  the  following  causes : — 

1.  The  resistance  of  the  steam  pipe  through  which  the  steam 
passes  from  the  boiler  to  the  valve  box. 

2.  The  resistance  of  the  regulator,  or  throttle  valve,  by  which 
the  steam  pipe  is  partially  closed,  in  the  same  manner  with  the 
supply  pipe  of  the  water  pressure  engine,  fig.  40,  Article  132,  page 
140. 

3.  The  resistance  of  the  ^^porls,*  or  steam  passages  through 
which  the  steam  is  admitted  from  the  valve  box  into  the  cylinder, 
and  which  are  at  times  partially  closed  by  the  valves,  so  as  to  have 
their  resistance  increased. 

4.  The  disappearance  of  actual  energy  when  the  steam  passes 
from  the  ports  into  the  cylinder,  exchanging  its  previous  rapid 
motion  for  the  compEuratively  slow  motion  of  the  piston. 

It  is  impossible,  in  the  present  state  of  our  knowledge  of  the 
properties  of  steam,  to  calculate  separately  the  losses  of  pressure 
due  to  these  four  causes;  and  even  were  it  possible,  the  complexity 
of  the  resulting  formula  would  be  out  of  proportion  to  its  practical 
utility.  All  Siat  can  for  the  present  be  done  is  to  use  the  theory 
of  the  discharge  of  gases  through  orifices,  as  explained  in  Article 
254,  in  order  to  find  the  probable  form  of  an  approximate  formula 
for  the  whole  loss  of  pressure,  and  to  determine  a  constant  co-effi- 
cient in  that  formula  empirically  from  experiments  on  existing 
engines. 

The  best  collection  of  experimental  data  on  this  subject  is  con- 
tained in  Mr.  D.  K.  Clark's  work  on  Railway  Ma>chinery,  These 
data  are  taken  partly  from  the  experiments  of  Messrs.  Gouin  and 
Lechatelier,  and  partly  from.  Mr.  Clark's  own  experiments;  and 
are  to  a  certain  extent  reduced  to  general  laws. 

Amongst  other  general  results,  Mr.  Clark  finds  that  the  effect 
of  the  resistance  in  the  steam  pipe  \b  inappreciable,  when  the 
sectional  area  of  that  pipe  is  not  less  than  tV  of  the  area  of  the 
piston  for  steam  in  an  ordinary  state  as  to  dryness,  and  not  less 
than  A-  for  steam  in  a  very  diy  state;  the  mean  speed  of  the  piston 
not  exceeding  600  feet  per  minute,  or  10  feet  per  second  It 
follows,  that  in  a  well  constructed  engine,  the  steam  pipe  should 
be  so  proportioned,  that  supposing  the  density  of  the  steam  to  be 


414  CTEAM  AND  OTHER  HEAT  ENQIKE8. 

the  same  in  it  and  in  the  cylinder^  the  velocity  of  the  steam  through 
the  steam  pipe  shall  not  exceed  about  100  feet  p^  second,  and 
then  the  resistance  in  the  pipe  may  be  neglected.  This  lesolt  is 
coiroborated  by  the  known  effect  in  practice  of  the  ordinaiy  role, 
that  where  the  velocity  of  the  piston  is  from  200  to  240  feet  per 
minute,  the  area  of  the  steam  pipe  should  be  about  tt  of  that  of  the 
pistoiu 

The  resistance  of  the  regulator  in  a  properly  proportioned  steam 
pipe  is  inappreciable  when  it  is  wide  open;  and  when  it  is  partially 
closed,  the  investigation  of  mathematical  relations  between  the 
resistance  and  the  opening  is  practically  imimportant^  because  the 
extent  of  openiug  of  the  r^rulator  required  to  produce  any  given 
reduction  of  pressure  in  any  existing  engine  can  easily  be  found  by 
tnsl 

There  remain  to  be  considered,  the  resistance  of  the  cylinder 
ports,  and  the  loss  of  head  on  entering  the  cylinder. 

In  Article  254,  equation  1,  is  given  an  expression  for  the  velociiy 
of  a  gas  rushing  through  an  orifice,  from  a  space  in  which  the 
pressure  is  p^,  into  a  space  in  which  the  pressure  is  p^  To  prevent 
oonfusion,  and  to  adapt  the  equation  to  the  notation  of  the  {veaent 
section, 

Put  p^  to  stand  for  the  pressure  in  the  boiler  and  valve  chesty 
instead  of  jt^; 

And  Pif  tne  initial  pressure  in  the  cylinder,  instead  of  p^; 

Also  put  Y  instead  of  «  to  denote  the  greatest  velocity  of  flow. 

Square  both  sides  of  the  equation;  divide  by  2y;  and  for 

.  0-_?  substitute  its  equivalent,  K,;  then  we  have  for  ih# 

head  due  to  the  tnaonmmm  vdocUy  Y — 


which  for  steam,  treated  as  a  perfect  gas,  becomes 

^'=-".{-(S)""} 0.) 

From  analogy  with  the  flow  of  liquids  and  of  air,  it  is  probable 
that  when  besides  producing  a  current  of  steam  of  a  certain 
velocity,  the  difference  of  pressure  has  also  to  overcome  the  friction 
of  a  passage,  the  lefl-hand  side  of  the  preceding  equation  should  be 
multiplied  by  1  +  F,  F  being  a  "  factor  of  resistance**  (as  in  Article 

The  quantity  Y*,  being  the  mean  8quarS!oi%he  vel^ty  with 
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wHch  the  stoam  enters  the  cylinder,  may  be  treated  as  the  product 
of  three  fJEtctorSy  tIz.  : — 

The  square  of  the  mean  velocity  of  the  piston  (let  this  be  denoted 

The  square  of  the  ratio  in  which  the  area  of  the  piston  exceeds 
the  area  of  the 


p«rt(^'); 


A  factor  depending  on  the  figure  and  manner  of  motion  of  the 
Talve. 

For  simplicity's  sake,  take  the  product  of  this  last  factor,  and  of 
the  £Ekctor  1  +  F,  which  may  be  denoted  by  one  symbol,  B.  Then 
the  formula  for  the  ''  loss  of  head  "  sustained  by  the  steam  becomes 


'-{.-©""}> « 


a  =  {i- 


giving  the  following  formula  for  computing  the  ratio  in  which  the 
absolute  pressure  of  the  steam  falls : — 

BY^A«       \^^ 
2^X366-7cia«/      ^"^'^ 

The  co-efficient,  B,  is  to  be  determined  empirically.  As  a  basis 
for  this  determination  in  the  case  of  dry  steam  may  be  taken  one 
of  the  general  oonclusions  arrived  at  by  Mr.  Clark,  viz.,  that  when 

—  =  15,  and  Vs=  10  feet  per  second,  -^  =:  0*84  nearly;  the  pres- 
sure in  the  valve  chest,  p^,  being  on  an  average  90  lbs.  on  the  square 
inch  or  thereabouts,  and  consequently  the  absolute  temperature 
r^  =  320*'  +  461**-2  =  78r-2  nearly. 

These  data  give  B  =  324,  and  consequently 

B  32-4  1 


2^X366-7  ""  23615-5  ""726' 
so  that  equation  3  becomes 


pi^\i_ji^y^ (4.) 

p,-  r       726ciu2J       ^*-^ 


In  all  cases  in  which  the  difference  between  p^  and  p^  is  small, 
the  following  formula  is  a  sufficiently  close  approximation : — 

V^A^ 


yl"^  ^  ~  180"^^ snft&at^-GoO^ 
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The  following  example  is  a  case  to  which  the  approxiinate  £<»-- 
mula  does  tvoI  apply.  The  data  are  such  as  are  sometimes  met  with 
in  Cornish  single  acting  engines : — 

A 

V'  =  2J  feet  per  second;  -  =  120; 

rj  =  745*2;  whence 

^1  =  0-8336       =0-458; 

80  that  if />»  =  52-52  lbs.  per  square  inch,  'p^  =r  24  lbs.  on  the  square 
inch. 

In  the  next  example,  the  approximate  formula  is  applicable; 
and  the  data  are  such  as  are  very  conmionlj  met  with  in  double 
acting  expansive  enginea 

V  =  4  feet  per  second;  ~  =  25; 
CA  =  266*'  +  46r -2  =  727'*'2 ;  whence,  by  equation  5, 

«o  that  if  />»  =  39*2  lbs.  on  the  square  inch,  p^  =  36*2  lbs.  on  the 
square  inch,  the  loss  of  pressure  being  3  lbs.  on  the  square  inch. 

It  appears  further,  from  the  experiments  of  Mr.  Clark,  that  the 
loss  of  pressure  of  misty  steam  in  traversing  passages  exceeds  that 
of  dry  steam  in  a  proportion  which  cannot  be  computed  with 
any  approach  to  precision,  but  which  ranges  from  1^  to  2\  and 
sometimes  even  to  3. 

The  lo89  of  head  which  occurs  during  the  passage  of  steam  from 
the  boiler  to  the  cylinder,  does  not  wholly  represent  tooled  emergy; 
for  being  expended  in  friction,  it  produces  heat;  so  that  steam 
which  has  had  its  pressure  lowered  by  the  resistance  of  passages, 
or  as  it  is  called,  has  been  wire-drawk,  is  superheated  (that  is,  is  at  a 
temperature  higher  than  the  boiling  point  corresponding  to  its 
pressure,  although  lower  than  the  temperature  in  the  boiler),  as 
has  already  been  stated  in  Article  253.  Even  supposing,  however, 
that  no  energy  is  directly  wasted  when  steam  is  wire-dniwn,  there 
is  still  an  indirect  waste  of  energy  from  the  lowering  of  its  pres- 
sure, which,  by  diminishing  the  forward  pressure  upon  the  piston 
as  compared  with  the  back  pressure,  and  by  diminishing  the 
extent  of  expansive  working  of  which  the  steam  is  capable,  lowers 
its  eflSciency. 

When  an  engine,  therefore,  has  to  work  against  a  diminished 


WntE-DBATnNG  AT  CUT-OFF. 


4ir 


resistance,  it  is  better  to  diminish  the  mean  efieotiye  pressure 
by  cutting  off  the  admission  earlier,  and  so  working  with  a 
greater  ratio  of  expansion,  than  by  contracting  the  opening  of  the 
regulator,  and  so  lowering  the  initial  pressure  by  wire-drawing. 
The  former  method  makes  the  engine  more  economical,  the  latter 


•■  l^tegtmBM. — Some  of  the 


291.  Sfl-eets  mt 
deviations  of  the 
diagram  of  energy 
of  a  steam  engine 
from  the  ideal  form 
have  already  been 
considered  inci- 
dentally in  the 
preceding  Articles 
of  this  section.  In 
the  present  Article 
the  more  impor- 
tant and  usual  of 
these  deviations 
are  to  be  classed 


Fig.  111. 


and  considered  more  in  detaiL 

These  causes  may  be  thus  classed,-— 

Causes  which  affect  the  power  of  the  engine,  as  well  as  the  figure 
of  the  diagram : — 

L  Wire-drawing  at  cut-off 
IL  Clearance. 

III.  Compression,  or  cushioning. 

IV.  Release. 

V.  Conduction  of  heat. 
VL  Liquid  water  in  the  cylinder. 

Causes  which  affect  the  figure  of  the  diagram  only: — 

VII.  Undulations. 
VIII.  Friction  of  the  indicator. 
IX.  Position  of  the  indicator. 

I.  Wvrt-d/rav3mg  ctl  Cviroff. — The  valve  by  which  the  steam  \9 
admitted  into  one  end  of  the  cylinder,  closes,  in  order  to  cut  off 
the  admission  of  steam,  not  instantaneously,  but  by  degrees^ 
especially  when  it  is  a  &Jide  valve.  In  consequence  of  this,  the 
loss  of  pressure  by  the  steam  in  passing  &om  the  valve  chest  into 
the  cylinder  gradually  increases,  and  the  pressure  of  the  steam  in 
the  cylinder  begins  graduaUy  to  diminish,  before  the  complete 
closing  of  ^e  valve;  so  that  the  top  of  tiie  diagram,  which  ib 

2  E 
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drawn  during  the  admueion  of  the  steam,  instead  of  preaenting  a 
straight  line,  A  B  (fig.  Ill),  parallel  to  O  X,  presents  a  droopii^ 
curve,  convex  upwards,  sudi  as  A  H  G. 

The  point  of  the  stroke  where  the  compUte  eUmng  of  the  valve,  or 
actual  cui-offi  takes  place,  is  usually  marked  on  the  diagram  hj  a 
jpoint  of  {xyntrary  flexurey  G,  where  the  curve  convex  upwards,  H  G, 
produced  by  wire-drawing,  touches  the  curve  of  expansion,  G  C, 
which  is  concave  upwards.  The  steam  begins  to  a  certain  extent 
to  work  expansivelj  before  the  valve  is  completely  dosed,  and  the 
energy  exerted  is  nearly  the  same  as  if  the  valve  closed  instan- 
taneously at  a  somewhat  earlier  point  of  the  stroke,  wliich  may  be 
called  the  vi/rtiwd^  or  effective  cul-off.  To  find  approximately  that 
point,  produce  the  expansion  curve,  C  G,  upwards,  and  draw  the 
straight  line,  A  B,  to  meet  it;  then  the  point  B  marks  the  effective 
cut-off,  and  determines  the  effective  ratio  of  expansion  to  be  used 
in  computing  the  efficiency. 

H.  Clearcmce  is  a  term  used  to  include,  not  merely  the  dearanoe 
proper,  which  is  the  space  between  the  piston  and  the  end  of  the 
cylinder  to  which  it  is  nearest  at  the  end  or  beginning  of  a  stroke, 
but  also  the  volume  of  the  ports,  and  generally  the  whole  rmmmwn 
space  between  the  piston  and  the  valves.  It  is  evident  that  this 
space,  as  well  as  the  space  through  which  the  piston  sweeps,  has 
to  be  filled  with  steam* 

The  dearance,  for  purposes  of  calculation,  is  expressed  in  the 
form  of  a  fraction  of  the  space  swept  through  by  the  piston  during 
a  single  stroke.  Let  A  be  the  area  of  the  piston,  s  the  length  of 
its  stroke;  then 

volume  ofdea/rance  ,-  . 

is  the  fraction  in  question,  and 

volume  of  dea/rance  =1  cAs (2.) 

The  2071^  of  cylinder  equivalent  to  the  dearance  is 

volume  ofdea/ram/ie  ,^ . 

-I. " w 

The  value  of  the  fraction  c  ranges  from  i  to  irr,  and  sometimes 
less,  in  different  engines,  being  greatest  in  the  smallest  engines. 
The  equivalent  length  of  cylinder  c  %  varies  less,  being  usually 
from  one  to  two  inches. 

The  clearance  affects  the  ratio  of  expansion  in  the  following 
manner : —  r-^  i 

In  fig.   111^  let  E'f'  =r  A«  represent  the  wMofe  spaccPfw^t 
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througli  by  the  piston  per  stroke;  and  let  LK=:NA  =  cA« 
represent  the  clearance.  The  steam  being  cnt  off  at  B,  A  B  in  the 
diagram  A  B  0  E  F  A  appears  to  represent  the  volmne  of  steam 
in  file  cylinder  at  the  instant  of  cut-off^  and 

AB_1    ^_  , 
1F"?'AB-    ' 

are  the  apparent  cnt-off  and  ratio  of  expansion.  But  the  real 
volume  of  steam  in  the  cylinder  at  the  instant  of  cut-off  is  K  B, 
and  it  expands  to  the  volume  L  I;  so  that  the  real  cut-off  and 
ratio  of  expansion  are         » 

1    ,  

1  ^NB-Z_.  r=  iil-l±£-!i±^     a\ 
r       LT       l+c'         NB"~1    ,     "*l  +  c/'"^  ^^ 

If  the  steam  is  compUldy  exhausted  from  the  cylinder  during  each 
retfwm  stroksy  the  clearance  produces  the  following  effect  on  the 
expenditure  of  steam  and  of  heat.  The  appa/rent  volume  of  steam 
admitted  per  stroke  being  A  B,  and  the  real  volume  N  B,  the 
expenditure  of  steam,  and  consequently  of  heat,  is  increased  by 
reason  of  the  clearance  in  the  ratio 

NB      1   ,       ,  /.v 

AB  =  ^+"'' <^> 

On  the  same  supposition,  that  the  steam  is  completely  exhausted 
during  each  return  stroke,  the  mean  absolute  pressure  is  diminished 
nearly,  but  not  quite,  to  the  extent  expressed  by  the  following 
formula,  in  which  p'^  is  the  actual  mean  absolute  pressure,  and  p^ 
what  that  pressure  would  be  with  the  real  expansion,  r,  if  there  were 
no  clearance  :— 

y«=p«  — c(Pi— i^«) (6-) 

The  diminution  of  mean  pressure  is  not  quite  to  the  above  extent; 
because  the  eneigy  with  which  the  steam  rushes  in  to  fill  the 
clearance  is  expended  partly  in  impulse  against  the  piston,  and 
jMirtly  in  producing  heat  by  friction  amongst  the  particles  of  steam, 
and  that  heat  superheats  the  steam,  and  makes  a  less  quantity 
suffice  to  fill  a  given  space  at  a  given  pressure ;  but  it  is  unneces- 
saiy  to  consider  this  in  the  calculation. 

The  efficiency  of  the  steam  is  diminished  nearly  in  the  following 
proportion : — 


420  anuM  abd  other  hiat  nrama. 

(l+crV(p-^^- ^^-^ 

ttL  Campreaion,  or  euMoning,  la  effected  bj  dofting  the  eduo* 
tioti  valve  before  the  end  of  the  return  stroke;  for  example,  at  the 
point  corresponding  to  M  on  the  diagram.     This  confines  a  certain 

Snantity  of  steam  in  the  cjlinder,  which  is  compressed  hy  the  piston 
uring  the  remainder  of  tibe  return  stroke,  the  rise  of  its  pressure 
being  represented  by  some  such  curve  as  M  A.  In  the  figure,  Uiat 
curve  is  made  to  terminate  at  A,  in  order  to  represent  the  most 
advaniage(m8  adfusknerU  of  the  compression,  which  takes  place 
when  tiie  quantity  of  steam  confined  or  '^  cui^oned"  is  juH  suffi- 
eieni  to  fill  the  cUdranee  <U  the  initial  preeewre  p^. 

An  approximate  formula  for  adjusting  the  compression  is  as 
follows:—  

^=-(^)f' <-) 

The  effect  of  this  adjustment  is  to  save  all  the  additional  expen- 
diture of  steam  per  stroke  denoted  by  c  r^  in  equation  5,  and  to 
save  also  the  loss  of  energy  per  pound  of  steam  expressed  by  the 
formula  6;  so  that  the  efficiency  of  the  steam  remains  undiminished. 
The  mean  ^ective  pressure,  however,  is  diminished  in  the  proportion 


and  the  pressure  equivalent  to  the  heat  expended  in  the  same  propor- 
tion; so  that  if  p^  and  p,^  respectively  represent  those  quantities, 
calculated,  as  in  previous  Articles,  on  the  supposition  of  there 
being  no  clearance,  they  are  altered  respectively  to 

p'.  =  ^;  andy»  =  ^»; (9.) 

while  the  space  to  he  swept  through  hy  Hie  piston  per  mtntcfo,  per 
indicated  horse-power,  is  at  the  same  time  increased  in  the  ratio 

and  become! 

330001^  .        , .    -    .  nnx 

in  cubic  feet, (10.) 

rp.  »  \     / 

when  the  pressures  are  expreescd  in  pounds  on  the  square  foot. 
In  the  case  which  has  now  been  considered  of  acyuated  cushion- 

Cf* 

ing,  the  fraction  ,— ^ 7  of  a  whole  cylinderful  of  steam  (clearance 

L'TCr  igitized  byV3  ^ 
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indaded),  performs  the  part  of  a  cushion  according  to  the  principlet 
laid  down  for  heat  engines  in  general  in  Artide  262,  while  the 

fraction  -^—i — -,  performs  tiie  effective  work. 

1+Cf^*^ 

lY.  Eelease  means  opening  the  exhaust  port  for  the  escape  of 
the  steam  before  the  forward  stroke  is  finished,  in  order  to  diminish 
the  back  pressure.  In  an  engine  in  which  there  is  no  release  (the 
exhaust  port  opening  exactly  at  the  end  of  the  forward  stroke),  the 
diagram  during  the  return  stroke  is  usually  a  curve  more  or  less 
resembling  the  dotted  line  C  M  K ;  the  lower  side  of  the  ideal  dia- 
gram used  in  calculation  being  a  straight  line  £  F,  so  placed  that 
its  constant  ordinate  p^  is  equal  to  the  mean  ordinate  of  the  curve. 
L  K I  is  a  straight  line,  whose  ordinate  O  L  represents  the  pressure 
in  the  condenser  (or  in  non-condensing  engines,  the  atmospheric 
pressure).  B7  making  the  release  occur  early  enough,  for  example, 
at  the  point  corresponding  to  P  in  the  diagram,  &e  entire  &U  of 
pressure  ma j  be  made  to  take  place  towards  the  end  of  the  forward 
stroke,  so  as  to  make  the  back  pressure  coincide  sensibly  with  that 
corresponding  to  the  ordinate  of  K  I;  and  then  the  end  of  the 
diagram  will  assume  a  figure  represented  by  the  dotted  line  P  I, 
which  is  usually  more  or  less  concave  upwards.  Energy  will  be 
saved  to  the  amount  represented  by  the  rectangle  K  F  x  K  I,  and 
energy  lost  to  the  amount  represented  by  the  area  of  the  figure 
P C  IP;  and  on  the  whole,  energy  will  be  saved  or  lost  according 
as  the  former  or  the  latter  of  those  areas  is  the  larger.  The 
greatest  saving  of  energy  is  insured  by  making  the  release  take 
place  at  a  point  Q  such,  that  about  one-half  of  the  &XL  of  pressure 
shall  take  place  at  the  end  of  the  forward  stroke,  and  the  other 
half  at  the  commencement  of  the  return  stroke,  as  indicated  by  the 
dotted  curve  Q  E  S. 

Y.  Conduction  ofh&U  to  omdfrom  the  metal  of  the  cylvnd&r^  or 
YL  To  and  from  liquid  tocUer  contained  in  the  cylinder,  has  the 
effect  of  lowering  the  pressure  at  the  beginning,  and  raising  it  at 
the  end  of  the  stroke,  in  the  manner  already  mentioned  incidentally 
in  Article  286,  the  lowering  effect  being  on  the  whole  greater  than 
the  raising  effect.  The  general  nature  of  the  change  thus  produced 
in  the  dis^m  is  shown  by  the  dotted  line  G  H I C  F  in  fig.  112. 
The  bad  effect  of  liquid  water  is  augmented  by  the  increased 
resistance  which  it  produces  to  the  flow  of  the  steam  through  the 
ports  (see  Article  280).  The  remedy  for  these  eviis,  by  heating 
the  cylinder  externally,  has  already  been  mentioned  in  Article 
290.  In  some  experiment  the  quantity  of  steam  wasted  through 
alternate  liquefaction  and  evaporation  in  the  cylinder  has  been 
found  to  be  ^rreater  than  the  quantity  which  ;»orformed  the  work. 


STEAM  ASD  OTHEB  HEAT  ENOmES. 


YIL  UndukUitmSy  snoh  as  tlioee  sketched  in  fig.  113,  are  caused 
by  the  inertia  of  the  indicator  piston,  and  the  elasticity  of  its  spring. 


F]g.ll2. 


Fig.  118. 


To  diminiftl^  their  extent,  the  spring  of  the  indicator  should  be  stiff, 
and  its  mechanism  light  When  liurge,  they  make  it  extremdy  dif- 
ficult to  determine  ti^e  mean  efiectiye  pressure  from  the  diagram. 
In  attempting  to  find  that  pressm*e,  by  sketching  a  diagram  freed 
from  undulations,  it  is  more  accurate  to  draw  a  line,  such  as  the 
dotted  line  in  the  figure,  nUdwav  between  the  crests  and  hoUawe  of  the 
waves,  than  to  draw  a  line  enclosing  the  same  area  with  the  wavy 
line. 

VIIL  The  Jrieiian  of  the  indUaior^  by  directly  opposing  the 
motion  of  its  piston  and  pencil,  tends  to  make  the  incUcatea  for- 
ward pressure  less,  and  the  indicated  back  pressure  greater,  than 
the  r^  forward  and  back  pressure  respectivexy,  and  so  to  make  the 
indicated  energy  less  than  the  real  energy  exerted  by  the  steam  on 
the  piston;  but  to  what  extent  is  veiy  uncertain.  According  to 
some  experiments  by  Mr.  Him  {BuUeivn  de  Muthouee,  vols.  xxviL, 
xxviii^,  the  diminution  of  the  indicated  energy  by  the  friction  of 
the  inoicator  agrees  nearly  with  the  work  performed  in  overcoming 
the  friction  of  the  steam  engine;  so  that  the  indicator  shows,  not 
the  whole  eneigy  exerted  by  the  steam  on  the  piston,  but  very 
nearly  the  tueful  toork  of  the  steam  engine;  but  it  is  doubtful  how 
fiur  this  principle  is  generally  applicable;  and  other  experidients, 
especially  those  on  screw  steamers,  are  at  variance  with  it. 

IX.  JrosHum  of  Indicator, — Experiments  by  Messrs.  Randolph, 
Elder,  &  Co.,  have  proved  what  might  have  been  expected  from  the 
laws  of  fluid  motion,  that  when  a  rapid  current  of  steam  blows 
across  the  orifice  of  the  nozzle  of  an  indicator,  the  indicated  pres- 
sure is  less  than  the  real  pressure.  Every  indicator,  therefore, 
should  be  fixed,  if  possible,  in  a  position  where  it  is  not  exposed  to 
this  cause  of  error. 

292.    BcatoiaBce    mt  Sagtae  —  BflicieacT    •f  HecluudMik  r-  The 

energy  lost  through  the  resistance  of  the  engine  comprehends  that 
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expended  in  overcoming  the  friction  of  the  mechanism,  in  working 
the  feed  pump,  in  wor^ng  the  air  pump  and  cold  water  pomp  of 
condenaing  engines,  and  generally,  in  overcoming  all  resistances 
arising  within  the  engine  itself  except  the  back  pressure  of  the 
steam. 

Our  knowledge  of  the  amount  of  energy  so  lost  is  still  very  vague 
and  indefinite.  The  formula  (originally  proposed  by  the  Count  de 
Pambour),  by  which  it  is  calculated  approximately,  is  of  the  follow- 
ing kind: — 

Let  Bj  represent  the  useful  load  of  the  engine,  reduced  by  the 
principle  of  virtual  velocities  to  the  piston  as  the  driving  point,  as 
in  Article  264.  Then  the  prejudicial  resistance,  reduced  to  the 
piston  also,  probably  consists  of  a  constant  part,  which  is  the  resis- 
tance of  tiie  engine  when  imloaded,  and  of  a  part  increasing  in 
proportion  to  the  useful  load ;  so  that  the  toUd  reaistanee,  reduced 
to  the  piston,  may  be  expressed  in  the  following  form : — 

R  =  (1  +/)  Hi  +  E,; (1.) 

B^  being  the  resistance  unloaded,  and  /  the  co-^oient  for  the 
variable  part  of  the  resistance. 

Let  A  be  the  area  of  the  piston;  then  the  total  resistance,  per 
fmit  of  area  o/pieUmy  which  is  equal  to  the  mean  elective  pressure, 
may  be  thus  expressed  : — 

F.=i'--i',  =  |  =  (l+/)^  +  § (2.) 

The  efficiency  of  the  mechaniam  is  given  by  the  formula, 

^ ^ ^  .     '  fo\ 

R  - Ao>.-p^ ~ T^iT^' ^ ' 

and  this,  being  multiplied  by  the  efficiency  of  the  steam,  and  by  the 
efficiency  of  the  Jumace,  gives  the  resuUomt  efficiency  of  ike  whole 
steam  engine. 

The  unloaded  resistance  is  known  by  experiment  to  range  from 
^  lb.  to  about  1^  lb.  per  square  inch  of  piston,  including  resistance  of 
air  pump  (as  to  which,  see  p.  509),  and  to  be  on  an  average  1  lU 
per  square  inch ;  hence  we  may  put,  approximately, 

j^  =  1  lb.  on  the  square  inch  ss  144  lbs.  on  the  square  foot.. .(4.) 
The  value  of /in  well-made  engines  in  the  best  order  is  estimated 
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t»7  the  Comit  de  Pambour  at  -  =  0*143;  and  thai  estimate  is  cor- 
roborated by  genera]  experience,  in  casee  in  which  there  is  no 
special  cause  for  increased  friction.  In  such  cases,  then,  we  maj 
put  for  the  gross  resistance,  in  pounds, 

It  =  If  K^  +  A  in  square  inches; ^•••(5.) 

And  for  the  effidencj  of  the  mechanism, 

5i ««        Ri       ^_ 1 /g  \ 

R      ^{Pm-P^      ^.^^g_^_Aininches ^ '^ 

In  most  cases  which  occur  in  practice,  a  result  nearly  agreeing 
with  that  of  the  preceding  formula  is  obtained  by  supposing  ^e 
whole  of  the  prejudicial  resistance  to  be  proportional  to  the  us^ol 
load;  that  is,  by  making 

R  =  (l+/)Ri; (7.> 

the  value  off  being  somewhere  between  0*2  and  0*25. 

In  marine  steam  engines,  a  further  loss  of  work  takes  place  in 
impressing  backward  and  lateral  motion  on  the  water;  the  result 
being  to  make  1  +/'  =  from  1*6  to  1*67  in  ordinary  cases.  (See 
£ul68  and  Tables,  page  274.) 

293.  Actl#M  •r  StMua  a^daac  a  ka«wa  Bcolstuice— P«ab««ff% 
iFwhWim, — ^The  nature  of  the  problem  now  to  be  considered  with 
special  reference  to  the  action  of  saturated  steam,  has  already  been 
stated  in  general  terms  in  Article  264.  It  was  first  solved  by  the 
Count  de  Pambour.  In  that  author's  solution,  however,  the 
toeight  of  steam  produced  in  the  boiler  in  a  given  time  was  treated 
as  a  known  constant  quantity;  while  in  this  treatise,  it  is  the 
ofvaUahle  heai  of  the  furnace  in  a  given  time  that  will  be  treated  as 
A  known  constant  quantity ;  the  problem  being,  when  that  quantity, 
jmd  the  useful  resistance  to  he  overcome  by  the  engine^  and  the  hcbck 
pressure,  and  also  the  ratio  ofexpomsion  are  given,  to  find  the  mean 
velocity  with  which  the  piston  unU  move. 

Let  E^  be  the  useful  resistance,  reduced  to  the  piston.  Then 
the  total  resistance,  as  explained  in  Article  292,  is 

»  =  (!+/)  Ri  +  Ro (1.) 

Divide  this  by  the  area  of  the  piston  or  pistons,  in  a  single  cylinder 
engine,  or  by  the  area  of  the  larger  piston  or  pistons,  in  a  double 
cylinder  engine;  then 

Digitized  by  CjOOQ IC 


..(4.) 
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I « 

18  the  mean  effective  pressure. 

Let  ¥  be  the  apparent  ratio  of  expansion,  c  the  clearance,  then, 
as  in  Article  291,  Division  II.,  we  have  for  the  real  ratio  of  expan- 
sion, 

*^-T+^ ^^-^ 

Let  the  cushioning  be  adjusted  as  it  ought  to  be  so  as  to  prevent 
appreciable  loss  of  efficiency  bj  clearance;  then,  as  in  Article  291, 
Division  III.,  we  have  for  the  meam,  effedLive  prestiwre  in  an  ideal 
diagram,  freed  from  the  effect  of  the  cushioning, 

rll 
and 

From  the  real  ratio  of  expansion  r  find,  by  the  approximate  for- 
mulsB  of  Article  285,  or  Table  VII.,  if  the  cylindei'  is  unjacketed, 
or  by  the  approximate  formulse  of  Article  288,  or  Table  VIIL,  if 
the  cylinder  is  jacketed,  the  ratio 

Pm' 

ihen  the  initial  pressure  of  the  steam  will  be 

P,  =  ?.(P.  +  /'8)i (5.) 

and  the  speed  of  the  engine  will  adjust  itself  so  as  to  maintain  this 
pressure.. 

From  the  initial  pressure,  by  the  proper  exact  formulae  of  Article 
284  or  287,  or  approximate  formulse  of  Article  285  or  288,  as  the 
case  may  be,  compute  the  presswre  equivalent  to  the  expenditure  of 
heat, 

p   —  ^1  _  Pi  /Q\ 

•^*      rt?j      efficiency  of  steam ' ^ 

Let  W  be  the  number  of  lbs.  of  coal  burned  per  mimUe;  h  the 
available  heat  of  combustion  of  one  lb.  of  coal  in  foot-lbs. ;  then 
the  voluTne  which  the  piston  will  sweep  Uirough  effectivdu^per  mimUe 

will  be  igitizedbydOOQlC 
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NA«= ; (7.) 

8  being  the  lengih  of  stroke,  A  the  area  of  piston,  and  K"  ihe 
number  of  revolutions  per  minute,  or  the  double  of  that  number, 
according  as  the  engine  is  single  or  double-acting.  This  volume 
being  divided  by  A  gives  the  distance  moved  through  effectivrfy  by 
the  piston  per  minute  (the  back  strokes  not  being  reckoned  in  a 
single  acting-engine),  viz., 

■^^^v^;^' ^•"'^^^ 

being  the  goltUion  of  the  problem. 

The  indicated  power,  in  foot-lbs.  per  minute,  is 

^.NA«^.=  N«R; (9.) 

and  the  effective  poioer 

tV^^=N,R,; (10.) 

and  these  quantities  are  reduced  to  horee-pawer^  by  dividing  by 
33,000. 

When  the  effect  of  clearance  is  inappreciable  (as  is  often  the 
case  in  practice),  the  preceding  formulss  are  simplified  by  Tnft.lHng 
c  =  0.  This  is  the  case  in  the  double-acting  engine  from  which  the 
following  example  la  taken;  being  the  same  engine  which  has 
already  been  referred  to  in  Example  I.  of  Article  288  A. 

Data. 

Besistance  overcome  at  circumference  \ 

of   wheels,  making  one  turn  per  >  12900  lbs. 

double  stroke, j 

Circumference, 64'4  feet. 

Length  of  stroke  of  piston, «  =  4*25  „ 

Joint  area  of  large  pistons,  A  =  9192  square  inches;  /  estimated 

=  - ;  ^  =  1  lb.  per  square  inch. 

Back  pressure,  p^=z4i  Iba  on  the  square  inch. 

Weight  of  coal  burned  per  minute, W  =  36*8  IbsL 

Available  heat  of  combustion  of  1  lb.  )    ,       ^  inn  aaa  ^    ^  ti_ 
off^ooX^ I  [^te5,400,000  fbot-lbs. 
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Besui/ts. 

Circumference  of  wheels      64*4    .   - 

Double  stroke ="8^'  i^^refor^. 

R,  =  12900  X  ~  =  97736  lbs. 

-^  s=    *        =  10-63  lbs.  per  square  inch. 

^.  -  j)3  =  1+  X  10-63  + 1  =  13-15  lbs.  per  square  incL 
jp.  =  13-15  +  4-00  =  17-15  lbs.  per  square  inch. 

^  by  Table  VIII.  Tfor^  =  O-s)  1-98. 

Initial  pressure /^  =  17*15  x  1-98  =  33-96  lbs.  per  square  inch* 

Pj^  bj  approximate  formula  =      *   ^ =  105-3. 

Ajo*  =  105-3  X  9192  =  967,918  lbs. 

A  W  =  5,400,000  X  36-8  =  198,720,000  fooUbt 

'  Mean  velocity  of  pistons — 

AW      198,720,000      „^^«-  ^ 

A^,=     967,918     =205-3  feet  per  mmute; 

the  actual  mean  velocity  of  the  pistons  was  204  feet  per  minute. 
Indicated  horse-power,  from  odculated  speed  of  piston — 

205-3  X  13-15  X  9192        .^q^ 
33,000  "■ 

The  indicated  horse-power  as  observed, 744. 

Effective  horse-power  from  calculated  speed  of  piston — 

205-3  X  97736 


33000 
Effective  horse-power  from  observed  speed — 

204  X  97736 


:60& 


33000 


XT  604. 


294.   Cmmmmmrr  H«de  •f  mtmHrn^  Pmototm. — The  customary 
mode  of  stating  pressures,  already  described  in  Article  105,  as 
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am>lied  to  pressures  of  water,  is  also  applied  to  pressures  of  steam; 
that  is  to  say,  the  pressure  b  stated,  as  it  is  shown  by  a  gauge  or 
indicator,  in  pounds  per  square  inch  above  or  below  the  cUmoepkerie 
preeeure;  a  pressure  lower  than  the  atmospheric  pressure  being 
treated  as  negative,  and  called  '^  vacuum,**  Pressures  stated  in  this 
customary  manner  are  reduced  to  real  or  absolute  pressures  by 
adding  them  to  the  atmospheric  pressure  if  positive,  and  subtract- 
ing ^em  from  the  atmospheric  pressure  if  n^^tive.  During 
experiments  on  steam  engines  intended  to  serve  as  a  basis  for  exact 
calculations  of  efficiency,  the  atmospheric  pressure  ought  to  be 
observed  from  time  to  time  by  means  of  a  oarometer.  When  it 
has  not  been  so  observed,  it  may  be  guessed  at  147  lbs.  on  the 
square  inch,  at  the  level  of  the  sea.  As  to  its  diminution  at  higher 
levels,  see  Article  106. 

To  illustrate  this  by  an  example,  suppose  that  the  atmospheric 
pressure,  during  a  ffiven  experiment,  is  actually  14*7  lbs.  on  the 
square  inch ;  and  that  the  pressure  in  the  boiler,  the  initial  pres- 
sure and  mean  back  pressure  in  the  cylinder,  and  the  pressure  in 
the  condenser,  are  shown  by  the  indicator  and  gauges,  and  described 
in  customary  language,  as  follows : — 

Pressure  in  boiler, 23  lbs.  on  the  square  inch. 

Initial  pressure  in  cylinder, 19  „  „ 

Mean  vacuum  in  cylinder, 10*7  „  „ 

Vacuum  in  condenser, 12*7  „  „ 

Then  the  real  or  abeohUe  values  of  these  pressures  are — 

Pressure  in  boiler,  p^  =  14-7  +  23  =  37*7  lbs.  on  the  square  iuch. 

Initial  pressure)       _  u-7 -4-19  —  S3-7 
in  cylinder,...  |  l>i  -  1*  7  i-  ly  =  3J  7 


Mean  bock  pres-  ^ 


sure. 


rl 


p,=  14-7 -10-7  =  4 


J>  99 


The  vacuum  in  the  condenser  being  often  measured  by  a  mer- 
curial gaiige,  is  sometimes  stated  in  tncliee  of  mercwry.  As  to  the 
reduction  of  inches  of  mercuiy  to  lbs.  on  the  square  inch,  see 
Ajidcle  107. 

Section  6. — On  the  Action  of  Superheated  Steam. 

295.  Objects  nm4.  H«ih«4s  •f  gwywhc^Uaa  Stem. — The  principal 
objects  of  heatiug  steam  to  a  temperature  above  the  boiling  point 
corresponding  to  its  pressure  are  the  following: —    C^ooole 

L  To  raise  the  temperature  at  which  the  fluid  receives  ^eat^  and 


8UPSRHEATED  8TIAM.  429 

00  to  increase  the  efficienq7  of  the  fluid  (according  to  the  principle 
of  Article  265) ;  and  that  without  producing  a  daDgerous  pressure. 

n.  To  diminiHh  the  density  of  the  steam  employed  to  overoome 
a  given  resistance,  and  so  to  lessen  the  back  pressure,  according  to 
one  of  the  principles  stated  in  Aitide  280;  in  cusiomaiy  phrase, 
**to  improve  the  vacuum." 

ILL  To  prevent  condensation  of  the  steam  during  its  expansion, 
without  the  aid  of  a  jacket. 

Those  three  effects  all  tend  to  increase  the  efficiency  of  the  fluid, 
and  economize  fuel 

The  fnincipal  methods  of  superheating  steam  are  the  following  :— 

L  Wvre-draunngy  as  explained  in  i^cle  290,  which  occasions 
superheating  when  the  pressure  in  the  cylinder  is  much  less  than 
that  in  the  boiler;  but  seldom  to  an  extent  whose  effects  can  be 
made  the  subject  of  calculation.  Superheating  in  this  way  takes 
place  more  by  accident  than  design,  and  does  not  secure  all  the 
advantages  just  ascribed  to  superheating;  for  although  the  steam 
in  the  cylinder  is  at  a  temperature  higher  than  the  boiling  point 
corresponding  to  its  pressure,  the  steam  in  the  boiler  is  at  a  higher 
temperature  still,  and  at  the  pressure  of  saturation  corresponding 
to  that  higher  temperature. 

IL  Superheating  by  the  steam  jack^,  which  takes  place  when  the 
steam  jacket  communicates  more  heat  to  the  expanding  steam  in 
the  cylinder  than  is  necessary  merely  to  prevent  any  of  it  from 
condensing.  It  does  not  appear  that  this  kind  of  superheating 
produces  an  effect  that  can  be  made  the  subject  of  a  definite  calcu- 
lation. Its  extent  is  limited,  as  in  Method  L,  by  the  temperature 
in  the  boiler. 

IIL  Superheating  in  the  steam  chest,  or  upper  part  of  the  boiler, 
by  means  of  flues  traversing  or  surrounding  it.  By  this  method, 
the  steam  may  be  raised  to  a  temperature  somewhat,  but  not  very 
much  exceeding  the  boiling  point  corresponding  to  the  pressure  in 
the  boiler.  This  is  practised  in  many  marine  engines,  and  in  some 
cases  with  the  effect  of  preventing  condensation  in  unjacketed 
(flinders. 

lY.  Superheating  in  tubes  or  passages  which  the  steam  traverses 
on  its  way  from  the  boiler  to  the  cylinder.  By  thb  method  almost 
any  required  temperature  can  be  given  to  steam  of  any  pressura 
It  is  difficult,  if  not  impossible,  to  specify  any  one  as  the  first 
inventor  of  this  process.  Mr.  Frost  was  at  all  events  one  of  the 
first  to  recommend  it  and  cause  it  to  be  put  in  practice.  It  was 
used  many  years  ago  in  the  eng^es  of  the  American  mail  steamer 
''Arctic"  with  good  effect,  and  has  since  been  used  by  many 
makers  in  many  engines,  diiefly  marine,  with  a  great  varieiy  of 
forms  of  apparatus,  some  of  whidi  will  be  described  in  Chap.  lY. 
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Y.  SuperhecUmg  hy  mixtwre,  where  a  portion  only  of  Hie 
is  passed  through  superheating  tubes,  and  raised  to  a  very  high  tem- 
perature, and  then  injected  amongst  the  remainder  of  the  steam  at 
or  near  the  cylinder  ports,  so  as  to  bring  the  whole  mass  of  steam 
to  a  temperature  intermediate  between  the  boiling  point  cor- 
responding to  its  pressure,  and  the  temp^Ature  in  the  super- 
heating tubes.  The  mixture  thus  made  is  called  hy  the  Hon. 
John  Wethered,  who  invented  the  process,  '^  combined  H^cnm,** 

YI.  SuperhecUing  in  the  cylinder y  by  means  of  a  flue  oar  of  a 
furnace^  as  in  Mr.  Siemens's  steam  engine. 

296.  l.laiitaUM  •f  tiM  Themr  t*  StMM-Gaa-^The  investigations, 
rules,  and  tables  which  follow  are  confined  to  the  case  of  steam 
which  is  superheated  to  such  an  extent  that  it  may  without 
material  error  in  practice  be  treated  as  perfectly  gaseous.  Steam 
in  that  condition  may  be  called  steaTti-gas. 

The  experiments  of  Him,  of  Sainte-Claire  DeviUe  and  Troost,  of 
Siemens,  and  others,  have  shown  that  steam  attains  a  con- 
dition' which  is  sensibly  that  of  perfect  gas,  by  means  of  a  v^y 
moderate  extent  of  superheating;  and  it  may  be  inferred  that  the 
formulae  for  the  relations  between  heat  and  work  which  are 
accurate  for  steam-gas  are  not  materially  erroneous  for  actual 
superheated  steam ;  while  they  possess  the  practical  advantage  of 
great  simplicity. 

The  product  of  the  pressure  of  steam-gas  in  pounds  on  the  9q[uare 
foot,  p,  and  the  volume  of  one  pound  of  it  in  cubic  feet,  v,  at  any 
given  absolute  temperature, 

T  =  r  +  46r -2  Fahrenheit, 
is  given  by  the  following  formula : — 

T  T  -4-  461°*2 

p„  =  42U0  • -=42140  •  •'-X|^  =  86-44-;...(l.) 

and  the  results  of  that  formula,  for  every  eighteenth  degree  of 
Fahrenheit's  scale,  from  T  =  32°  to  T  =  572°,  are  given  in  the 
column  headed pvin  Table  IX.,  at  the  end  of  this  section.  (See 
Addendum,  page  448.) 

In  the  colunm  of  the  same  Table  headed  H  are  given  the  valnes 
for  the  same  series  of  temperatures,  of  the  totcU  hmt  of  gas^icaiion 
in  foot-pounds  required  to  raise  one  poimd  of  water  from  the  liquid 
state  at  32^,  to  the  state  of  perfect  gas  at  a  given  temperature, 
under  any  constant  pressure  compatible  with  the  perfectly  gaseous 
state  at  the  latter  temperature.  It  is  assumed  that  saturated 
steam  at  32°  is  perfectly  gaseous,  so  that  the  total  heat  of  gasefica- 
tion  for  that  temperature,  Hq,  is  simply  the  latent  heat  of  evapora* 
tion,  or 

H^  =  842872  foot-poundsj^ed  by  Googlc 
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and  then,  according  to  tHe  principles  explained  in  Article  258,  we 
have  for  the  total  heat  of  gasefication  of  one  pound  of  steam-gas  at 
any  other  temperature  in  foot-pounds — 

H  =  Ho  +  K,  (T  -  32^  =s  842872  +  371  (T  -  32^....(2.) 

The  following  are  some  equivalent  expressions  for  the  same 
quantity : — 

H  =  659895  +  371  t  =  659895  +  4Jjot?nearly....(2  a.) 

The  column  h  gives  the  quantity  of  heat"  in  foot-pounds  required 
to  raise  one  pound  of  liquid  water  from  32®  to  a  given  temperature ; 
the  increase  of  the  spe<nfic  heat  of  liquid  water  with  temperature 
being  taken  into  account;  but  in  most  practical  cases  it  is  suffi- 
ciency accurate  to  use  the  formula 

A  =  772(T-32*') (3.) 


297.  Kflcl«M7  mt  Stem-OM  Kzpaadtec  wMlMitt  CIiUh  mt  Jjmm  •f 

'Sitmu — In  ^,  114,  let  A  B  represent  Vj,  the  volume  occupied  by 

one  pound  of  steam-gas  when 

first  admitted  into  the  cylinder 

of  an  engine  at  the  pressure 

Pi  =:  O  A.     Let  B  C,  being  an 

"  culidbaHc^  curve  for  steam  gas, 

represent  by  its  co-ordinates  the 

&11  of  pressure  and  increase  of  3D 

volume  of  that  fluid  as  it  ex- 

pands.      Let  D  0  =  Vj  ^  r  v^ 

represent  the  volume,  and  O  D 

=  j?2>  *1*6  pressure,  at  the  end  of 

the  expansion,  which  is  assumed 


Rg.  114. 


not  to  be  carried  so  far  as  to  cause  any  appreciable  liquefaction  of 
the  steam. 

Let  b  F  ==  jt?3  represent  the  mean  back  pressure.  The  probable 
value  of  this  in  a  proposed  superheated  steam  engine  may  be 
estimated  as  follows: — ^Let  the  ordinary  back  pressure  in  a  dry 
saturated  steam  engine  working  at  the  same  speed  with  the  same 
ratio  of  expansion  be  denoted  by 

p'+p'i 

p'  being  the  pressure  of  condensation,  and  p"  the  additional  pres- 
sure. Let  Tj  be  the  absolute  boiling  paint  corresponding  to  the 
initial  pressure  p^,  and  r\  the  actual  absolute  temperature  of  the 
steam  admitted.     Then  the  steam-gas  employed  is  less  dense  than 
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wtnimied  stotm  of  the  same  preflBore  in  a  proportion  which  mij  be 

expressed  aoooimtelj  enougli  for  the  present  poxpose  hy  J^;  so  that 

according  to  a  principle  stated  in  Article  280,  the  probable  bade 
pressure  in  the  superheated  steam  engine  will  be 

p.=p'+,5i»' 


(1) 

In  most  cases  which  oooor  in  practice,  we  may  put  p'  s  1  lb.  on 
the  square  inch,  and p'  =  3  Iba  on  the  square  inch;  so  that 


or 


Pj  =  1  +  3  -^ia  pounds  on  the  square  inch, 
144  +  432  -^  in  pounds  on  the  square  foot 


...(lA.) 


The  equation  of  the  expansion  curve  BO  may  be  assumed  as 
analogous  to  that  of  the  corresponding  cunre  for  air,  vit : — 


p  oc  v  — y; 


(2.) 


in  which  y  and  other  indices  and  co-efficients  depending  on  it  for 
ateam-gas  have  the  values  given  them  in  Article  251,  viz. : — 


7=13;  y— 1=0-3; 


1 


=  %7=1=^> 


1  =  0-77;  — 
y  '      y 


=  0-23. 


(3.) 


Hence,  by  ah  investigation  similar  to  that  in  Article  279,  Method 
IL,  IS  found  the  following  expression  for  the  eneigy  exerted  on  the 
piston  by  one  pound  of  steam-gas : — 

AreaABCEFA  =  U=r(p«— P3)rri 

^^Pi^H  —  Hr-^—p^rv, (4.) 

To  fiEunlitate  the  use  of  this  equation,  a  series  of  values  of  the 
two  following  ratios  and  their  reciprocals  are  given  in  Table  X.  at 
the  end  of  this  section  :— 


^  =  4J-3Jr-^; 

P'  •  "  '    Digitized 


•bVGong#^ 
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J;  =  H  r-' -  3|  r-"; (5  A.) 

in  which  Table  intermediate  values  of  any  ratio  can  be  interpolated 
as  in  TaDles  VII.  and  VIIL,  already  explained.  The  following^ 
then,  is  the  set  of  formnle  to  be  employed  in  computing  approxi* 
matdy  the  probable  power  and  efficiency  of  superheated  i 
engines,  according  to  the  provisional  theory  here  adopted:— 

Data. 

Iniiial  pressure,  p^. 

Initial  aheoltUe  temperoOure,  r\  3=1^^  +  46P'2  Fahrenheit 

EaUo  o/eamcmnon,  r. 

Mean  bade  presewrey  p^  known  directly  by  experiment^  or 
estimated  by  the  formula  1  a;  the  absolute  boiling  point,  r^,  being 
found  by  known  formule  or  tables. 

AbsokOe  temperaiwre  of  feed  vxUer,  ^4  =  T^  +  i^V'2. 

Temperaiwre  of  condematUmy  T5. 

TemperaJhi/re  of  atmosphere,  T^ 

Kesults. 

p^  v^  found  from  T'p  by  equation  1  of  Article  296,  or  by  Table 
I  A. ;  being  the  gross  energy  exerted  by  the  steam  on  the  piston 
during  its  admission. 

Initial  and  final  volwmes  of  one  pound  of  steam — 

Vi  =  ;>it^i-l>i;  v,  =  rri (6.) 

-^,  and  ~,  found  by  the  equations  5,  5  A,  or  by  Table  X. 

Energy  eooerted  per  pound  of  steam;  found  by  equation  4,  or  by 
the  formula — 


rp, 
effective  pressure — 


l^  =  ^'PiV^—rp^vr, (7.) 

Pi 


P.  =  P.-p,  =  ^^=J-J'.-ft (8.) 

Heat  expended  per  pound  of  steam,  in  foot-pounds — 

5  =  842872  +  371  (T,  —  32*)  —  772  (T^  —  32''),...(9.) 

or  J  =  H,  — A^; (9  a.) 

H^  and  h^  being  found  by  means  of  Table  IX.     g  tized  by  Google 
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Fre»9Wtt  e^ivaleni  to  heai  expended — 

^=i^ •-•<i«) 

Fffidencf/ofitecm —  ^ 

5=^!^'=? ai) 

Nti  feed  vxUer  per  oubie  foot  swept  through  hy  piston — 

^ (12^) 

HecU  rejected  per  poumd  of  eteamr^ 

J -XT (13.) 

Ifaoi  f«/«rfarf/)ef  <»i5ic /()0<  ««^ 

^;. .: (14) 

rvi 
I^et  condeneation  tocUer — 

^  heatrejected  ns\ 

-772(T,-Te) ^ ^'  "' 

Available  heal  expended  per  indicated  horee-potoer  per  hour — 

1980000  i (16.) 

In  tHe  following  example  (which  is  ideal),  the  engines  are  sap- 
posed  to  be  the  same  with  those  already  employed  as  Example  L 
in  Article  288  a;  and  the  principal  question  to  be  solved  by  the 
calculation  is,  what  would  he  the  probable  increase  of  efEidency  and 
saving  of  fuel  if  the  steam,  being  admitted  at  the  same  mean 
pressure  of  3^  lbs.  on  the  square  inch,  and  cut  off  at  the  same  mean 
effective  fraction  of  its  final  volume,  0*2,  were  superheated  so  as  to 
be  admitted  at  the  temperature  T^  =  428°,  insteEui  of  its  present 
mean  temperature  of  admission,  which  is  about  257^^ 

Data. 

i?,=:  34X144  =  4896;  ^ 

r'j  =  428  +  461-2  =  889-2.       ^         i 

igitized  by  Google 
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719 
ft-144  +  432  -^^^  =  493  lbs.  on  the  square  foot, 

(or  3*43  lbs.  on  the  square  inch). 
T^=104. 

Results. 
PiVi^hj  Table  IX.,  75976  foot-pounds 

75976    ,^j„     , .   ^  ^ 
Vi  =  -jogg-  =  lO'o2  cubic  feet 

Vg = r  Vx  =  5  X  15-52  «  77-6  cubic  feet 

By  Table  X—        ^1^= 2-28 ;  ^= -456. 
Pi  Pi 

Energy  pear  pound  of  steom — 

U  =  2-28  X  75976  -  493  x  77-6 

=  173225  -  38257  =  134968  foot-pounds. 

Me(m  effeeiim  preaawn — 

Pm  -ft = "^^^  X  4896  ^  493  =  1740  lbs.  on  the  square  foot, 

=  12*08  lbs.  on  the  square  inch. 

EeoA  expeinded  per  pownd  of  steam — 

I  =  989788  -  55612  =  93417& 
Pressure  equivalerU  to  heat  expended^ 

934-176 
Pk  =    yy,g     =  12038  Iba  on  the  square  foot 

=  83*6  lbs.  on  the  square  inch. 
Ejfficienct/ of  steam — 

134968       1740       12*08      ^..^ 
934176  ~  12038  ""  83^  ""  ^'^^' 

being  superior  to  the  efficiency  with  dry  saturated  steam,  as  com- 
puted in  Article  289,  Example  L,  in  the  ratio 

•145 

;j23   =    1'18  :  1.  Digitized  by  GoOglC 
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The  ayaikUe  heat  expended  per  indioated  horse-power  per  hoar 
would  be 

1~^  =  13655000  foot-pounds; 

and  supposiDg,  as  in  some  previous  examples,  the  available  Heat  of 
combustion  of  one  pound  of  the  coal  employed  to  be 

5400000  foot-pounds, 

the  consumption  of  coal  per  indicated  horse-power  per  hoiir  would 
be 

13655000 

5400000-^^^^*^-^ 

which,  being  subtracted  from  tbe  actual  consumpticm,  2-97,  shovs 
a  saving  of  0*44  lb.,  or  about  15  per  cent 

This  is  less  than  the  saving  which  has  usually  been  found  bj 
experiment  to  result  from  superheating;  the  reason  probably  being, 
that  in  the  preceding  calculation  no  account  is  taken  of  the  in- 
creased efficiencf/  qfthejumace,  owing  to  the  superheating  apparatus 
taking  up  heat  which  would  otherwise  have  been  wasted. 

To  estimate  the  probable  effect  of  this  cause  in  giving  increased 
economy,  let  us  make  the  supposition  (which  appears  to  have  been 
nearly  realized  in  some  cases^,  that  the  whole  of  tiie  superheating  is 
effected  by  heat  which  would  otherwise  have  been  wasted. 

Foot-lbs. 
Then  the  heat  required  to  produce  1  lb.  of  saturated 
steam  at  34  lbs.  on  the  square  inch,  from  water  at 

104''  being. 840,000 

and  the  heat  required  to  produce  1  lb.  of  superheated 
steam  at  428""  Fahrenheit,  from  water  at  104*^ 
being,  as  computed  before, 9349i7<^ 

tbe  difference, ••• 94>i7<^ 

is  to  be  considered,  according  to  the  supposition  made,  as  heat 
saved  by  the  superheating  apparatus;  so  that  the  efficiency  of  the 
furnace  is  incres^ed  in  the  ratio 

934176      ,-,         , 
gj5^  =  Ml  nearly; 

and  the  available  heat  of  combustion  of  the  coal,  instead  of 
5^400,000,  becomes. 
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5,400,000  X  1-11  =  6,000,000  fooUbs. 

giving  as  the  probable  oonsomptioii  of  coal  per  indicated  horse* 
power  per  hour^ 

13655000 

eoobooo""^^^^**"' 

which,  being  subtracted  from 2*97 


shows  a  saving  of 0*69  lb. 

or  about  23  per  cent  This  agrees  veiy  nearly  with  the  general 
results  of  practice. 

298.  KfldMieT  •r  St«Mi-0«i  Bzpuidtag  at  C— Bft  T— ipw 

tnc — ^If  the  temperature  of  steam-gas  be  maintained  constant 
during  its  expansion,  bj  means  of  a  flue  round  the  cylinder,  or 
otherwise,  its  action  is  represented  approximatelj  by  making  the 
curve  B  0,  fig.  114,  a  common  hyperbola,  so  that 

1 

In  this  case,  the  principal  formule  are  the  following  :— 
Energy  exerted  by  lib.  ofiteam 

=  areaABOEFA 

=  U  =  0>,-/)3)rt?i=;?iVi(l+hyplogr)-ftrVi...(l.) 

!:|=?  =  l  +  hyplogr; (2.) 

Pi 

/>>._l  +  hyplogr 

Pi  r  ^       ^ 

A  series  of  values  of  these  ratios,  and  of  their  reciprocals,  is  given 
in  Table  XL  at  the  end  of  this  section. 

The  heai  expended  per  p(mnd  of  eteam  consists  of  the  toUd  heat  of 
gae^ioaiion^fTom  T^  the  temperature  of  the  feed  water,  to  T^  the 
temperature  of  the  steam-gas,  as  already  computed  in  Articles  296 
and  297,  and  given  by  the  aid  of  Table  IX.,  and  of  the  kUent  hecU 
qfexpaneion  which  the  steam  receives  to  maintain  its  temperature 
constant  in  the  cylinder,  and  whose  value  is 

ft  t^,hypl<«r  =  85-44  T>yplogr  =  ;),ri  •  (^  -  i)>>Q; 
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hence,  denoting  the  -wbxAe  eaqpenditure  of  Inat  per  lb.  of  steam  by  I, 

r=  842873  +  371  (T,  -  32^  -  772  (T^  -  32°) 
+  85-44  hyp  log  r  (Tj  +  461»-2) 

r=  659896+/), r^  (sj  +  l^s)  .772  (T4-32>....(4.) 

To  ilhiBtrate  this  mode  of  employing  stetm-gftSy  let  the  data 
taken  be  the  same  as  in  the  example  of  Article  297;  that  is,  let 

«,is34x  144  =  4896; 

/.  =  869*2  sr  428^  +  461*2; 

^  =  493; 
T4=104^ 

Bbsultsl 

l>jri  =  75976;  ^1  =  15*52;  rvi  =  77-6;  as  before. 

By  Table  XL,        -^-  =  2-61 ;  ^  =  -522. 
Pi  Pi 

Energy  per  lb.  o/sleamr^ 

U  «  2-61  X  75976-^493x77-6 

=  198297  -  38257  =  160040  foot-lbs. 

Mean  effecUve  pressiire — 

l?.-jPs  =  -522  X  4896  -  493  =  2063  lbs.  on  the  square  foot 

s  14*38  lbs.  on  the  square  inch. 

Heat  eoDpendedper  lb,  ofeteam — 

I  ss  989788  -  55612  +  75976  x  1*61 
e=  934176  +  122321  =  1056497  foot*Ib& 
Freemre  equivalent  to  that  heat — 

Pa=     y,-,g-  =  13615  lbs.  on  the  square  foot 

n.^«  ,        igitizedbyGoOQle 

s=  94*0  lbs.  on  the  square  inch.  ^ 
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0152, 


Effidmcy  of  tteam — 

160040  _  2063  _  1433 
10^497  ""  13615  ^  94-5 


bemg  soperior  to  the  6fficien<7'  -with  diy  saturated  steam  in  the 
latio 

5;J||  =  1-286  linearly. 

The  ayailable  heat  expended,  per  indicated  horse-power  per  hour, 
would  be  in  this  case 

i?S?S^s  18,000,000  fooWba 

If  the  efficiency  of  the  fomacey  as  in  the  second  mode  of  treating 
the  example  in  Article  297,  be  supposed  to  be  such  that  the  avail- 
able heat  of  combustion  of  1  lb.  of  coal  is 

6,000,000  l6ot-lb&, 

the  probable  consumption  of  coal  in^  the  engine  now  under  oon« 
sideration,  per  indicated  horse-power  per  hour,  is  found  to  be 

13000000  _ 
6000000"-       '    ^ 

which  being  subtracted  from  the  1 
actual  consumption  with  diy  >  2*97 
saturated  steam, j 

shows  a  saving  of. ^ 0*80  Ih. 

or  27  per  cent 

299.  gaclcaer  f  tw  €!■■  wtifc  m^t^wmwKmtmt    nifrnwrnCm  BagJac 

— ^The  ^'regenerative  steam  engine**  of  Mr.  0.  W.  Siemens,  is  one 
which  so  far  agrees  with  the  description  in  the  last  Article,  that 
superheated  steam  works  expansively  in  it  at  a  temperature  main- 
tained nearly  constant  by  placing  the  cylinder  over  a  furnace;  but 
the  steam  on  its  yay  to  and  from  the  space  below  the  jdunger  of 
that  cylinder,  traverses  a  ''regenerate  nearly  resembling  that  of 
Stirling's  air  ei^;ine  (see  Artide  275),  the  effect  of  which  is,  that 
the  whole,  or  neariy  the  whole,  of  the  heat  employed  to  raise  the 
temperature  of  the  steam  above  the  boiling  point  oorresponding  i» 
its  pressure,  is  obtained  at  eadi  stax^e  from  the  regenerator,  in 
which  that  heat  has  previously  been  stored  by  steam  Intving  the 
hot  end  of  the  cylinder. 
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The  whole  of  the  fonnnlflB  of  the  Artiole  298  are  made  aM>licable 
to  this  case,  by  simply  taking  for  the  value  of  H^,  the  ioUu  heat  of 
^MiporaUon  of  I  lb,  o/ileam  at  the  boiling  poirU  r^  coireqponding  to 
its  pressure,  as  giren  by  Table  YL  at  the  end  of  ike  volume, 
instead  of  the  total  heat  of  gasefication  at  the  working  temperature 
V|.  Suppose,  for  example,  that  the  data  are  the  same  as  in  the 
last  Article.  Then  the  total  heftt  of  evaporation  of  steam  at  34 
lbs.  on  the  square  inch,  the  feed  water  being  at  104^,  as  computed 

from  Table  VL,  is H.  —  A4  =  SiOOOO  foot-lba, 

ihe  latent  heat  of  ezpan-  i 

sion,  as  in . 


:ttrdei^-}^.''.(^--0="2^^^ 


smd  the  heat  expended  per  lb.  of  steam  | s=  962321  foot-lbe. 

Also,  the  energy  exerted  by  1  lb.  of  steam,  being,  as  in  Article 
398, 

U  =:  160040  foot>lb&, 

the  ^jfficiencf/  o/the  ateam  \b 

160040 _ 

consequently,  the  available  heat  expended  per  indicated  horse- 
power per  hour  is 

i???^  =  11,930,000  foot-  lbs.  neai-ly. 
O'loo 

Taking  the  same  estimate  of  the  available  heat  of  combustion  of  1 
lb.  of  coal,  as  in  Article  298,  this  would  give  for  the  consumption 
cf  coal  per  indicated  horse-power  per  hour 

11,930,000  _^^ 
6,000,000-^^^^^ 

The  efficiency  of  this  engine  is  capable  of  being  greatly  increased 
hj  working  at  a  high  temperature;  for  while  the  energy  exerted 
l)y  tiie  steam  increases  nearly  as  the  absolute  temperature,  it  is 
«(nly  tiie  latent  heat  of  expansion  which  increases  in  the  same  pro- 
portion :  the  total  heat  of  evaporation  remaining  constant  if  the 
prdteure  is  constant.  Mr.  Siemens  states,  that  in  some  of  his 
experiments  with  this  engine,  the  consumption  of  i^el  was  only 
1-5  lb.  per  indicated  horse-power  per  hour. 

The  heating  apparatus  described  at  the  end  of  Article  275, 
might  probably  be  applied  to  this  engine  with  advantage. 
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IX. 
TlBZJB  OF  ELASnCITT  AND  TOTAL  HeAT  OF  OnE  PoUHD  OF 

Stbam-oas. 

T  pp  H,  k 

32® 43140 ,  842872  O 

50  43^7^  849550  1389^ 
68  45316  856228  27792 
86       46754       862906        41702 

104       48292       869584        s^6i2 

122 49830 876262  69522 

140       51368       882940        83459 

158       52906       8896J8        97411 

176       54444       896296       111363 

194       55983       902974       "5357 

212 57530 909652  i393<^3 

230       S9058       916330 

248        60596       923008 

266       62134       929686 

284        63672       936364 

302 65210 943043 

320       .66748       949730 

338        68286       956393 

356        69824       963076 

374       71362       969754 

393 72900 976433 

410       74438       983110 

428       75976       989788 

446       77514       996466 

464       79052       1003144 

482 80590 1009822 

500       82128       1016500 

518       83666       1023178 

536        85204       1029856 

554        86742       1036534 

573 88280 1043212 

EXPLAKATIOK. 

Tf  temperatare  on  Fahrenheit's  scale. 

p  V,  product  of  the  pressure  in  pounds  on  the  square  foot,  and  volunvs 
in  cubic  feet,  of  one  pound  of  steam  in  the  perfectly  gaseous  condidon,  or 
«>  steam-ffas.** 

H,  total  heat,  in  foot-pounds  of  energy,  required  to  conyert  one  pound 
of  water  at  82^  into  steam-gas  at  T^,  under  any  constant  pressure. 

hj  heat,  in  foot-pounds  of  ener^,  required  to  raise  the  temperature  of 
one  pound  of  water  from  82**  to  !*• 


4i2  steam  avd  other  heat  e3khnes. 

Table  of  Appboxdute  Ratios  fob  Steam-Gas  woikkdio 

EZPAKSIYELT  IK  A  NOK-CONDUCTING  CtUNDEB. 


f> 

1 

•■P- 

Pi 

Jb. 

Sa 

f 

i*! 

rpm 

Pm 

Pi 

30 

•05 

397 

•33<5 

6-73 

•149 

13* 

•075 

a -80 

•357 

476 

•3IO 

lO 

•I 

3-66 

•37« 

3-7« 

•266 

8 

•125 

a-SS 

•393  . 

3-14 

■318 

€1 

•15 

a-45 

•409 

373 

•3«7 

5 

•3 

3-38 

•439 

3  "SO 

•45^ 

4 

•a5 

313 

•469 

1-87 

•534 

3* 

'3 

3-01 

•497 

1-66 

•603 

3t 

•35 

1-90 

•536 

1-50 

<65 

ai 

•4 

i-8o 

•555 

139 

•730 

3| 

•45 

171 

•585 

1-30 

•770 

a 

•5 

1-63 

•615 

133 

•813 

lA 

•55 

1-55 

•646 

I-I7 

-851 

li 

•6 

1-47 

•679 

1-13 

«84 

lT» 

•65 

140 

•713 

I '10 

■913 

If 

7 

1-34 

•747 

1-07 

•937 

I* 

•75 

ia8 

•784 

104 

•957 

li 

•8 

1-33 

•832 

1-03 

^973 

lA- 

•85 

116 

•863 

i^ois 

H>85 

It 

•9 

I-IO 

•906 

l*OI 

•993 

ExtLASAXiaS. 

r,  latio  of 

expamdon. 

-,  real  cat-o£ 

p^  absolute  pressure  of  admissioii. 
p^  mean  absolute  pressure. 

—^-^f  ratio  of  whole  gross  work  of  steam  on  piston  to  groas  !wotk 
during  admission, 
-j^ ,  ratio  of  gross  work  during  admissian  to  whole  gross  work. 
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XL 
Table  of  Appbozdcate  Ratios  fob  Perfect  Gases  woRKnra 
Expansively  at  Constant  Temfe&atubb:  also  fob  neasly-* 
JOLY  Steul 


r 

l_ 

a 

£L 

n 

Pm 

r 

j>i 

<n. 

Pm 

fi. 

ao 

•05 

4-00 

•350 

5-0O 

-aoo 

m 

•07S 

359 

•379 

372 

'a6g 

xo 

•I 

330 

•303 

303 

•330 

8 

Its 

3-08 

•3a5 

2 '60 
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Section  7. — Of  Binary  Vapour  Engine. 


300.  CI»Bwl  PfwIpU—  •£  tiM  Btaarr  Ta»Mr  BagtaM. — This 
engine,  the  invention  of  M.  Proepdre-Yinoent  da  Trembley,  is 
driven  by  the  combined  action  of  two  different  floidi,  a  less  and  a 
more  volatile,  in  two  separate  cylinders.  The  less  volatile  fluid  is 
evaporated  in  a  boiler,  and  drives  the  piston  of  its  cylinder,  in  the 
usoal  way.  On  being  discharged,  it  is  passed  vertically  down* 
wards  throngh  a  set  of  small  tabes,  contained  within  a  cylindrical 
vessel :  the  less  volatile  fluid,  passing  downwards  through  the  tubes, 
is  liquefied,  and  gives  out  its  heat  to  the  more  volatile  fluid,  whi^ 
ascends  in  the  space  surrounding  the  tubes,  and  reaches  the  top  of 
the  vessel  in  the  state  of  vapour.  This  vapour  drives  the  [nstoii 
of  a  second  cylinder,  during  the  return  stroke  of  which  it  is 
expelled  into  a  second  surface  condenser,  consisting  also  of  a 
number  of  small  vertical  tubes;  the  vapour  passes  downwards 
through  these  tubes,  which  are  surrounded  by  a  copious  stream  of 
oold  water;  this  abstracts  heat  from  the  vapour,  and  causes  it  to 
be  condensed,  and  the  liquid  thus  produced  is  pumped  back  into 
the  evaporating  vessel  to  perform  its  work  over  asain. 

The  less  volatile  fluid  is  always  water;  for  uie  more  volatile, 
»ther  is  usually  employed. 

Full  details  of  the  construction  and  mode  of  working  of  these 
engines  are  given  in  M.  du  Trembley's  work,  entitled,  Manud  du 
Candueieur  de$  Maehinea  d  Vapeun  eombinem  ou  MoMnea  Binairm 
(Lyons,  1850-51);  and  accounts  of  their  performance  are  contained 
in  a  report  by  Mr.  Gkoige  Rennie,  published  in  1852;  in  a  litho- 
graphed report  by  M.  £.  Qouin,  on  the  experimental  trip  of  the 
ship  "  Br^,"  in  1855;  and  in  a  paper  by  Mr.  James  W.  Jamieson, 
read  to  the  Institution  of  Civil  Engineers  in  February,  1859. 

301.  TheMT  •f  tiM  twii  ■■<  jEtlKr  BaflM. — In  fig.   115,  let 

A  B  C  £  F  A  represent  the  diagram  of  the  steam  cyHnder,  and 
K  L  M  P  Q  K  that  of  the  sther  cylinder. 


A^ B 

Q  o  '  "n 

o 


Fig.  115. 
Letpi  ^  O  Abe  the  absolute  pressure  of  the  steu]^  at  itsadm&- 

Sion;  Digitized  by  GOOglC 
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'    V|  a  A  B,  the  Yolnme  of  one  lb.  of  it  when  admitted ; 

ri'i  as  D  C,  the  volume  to  which  it  expands; 

Let  H.  denote  the  available  heat  expended,  in  foot-lb&  per  lb.  of 
steam ;  U  =  area  A  B  C  £  F  A,  the  energy  exerted  on  the  piston 
by  one  lb.  of  steam.  Then  the  heat  rejected  by  each  lb.  of  steam^ 
and  given  out  through  the  tubes  to  the  sether,  is  given  by  the 
equation 

H,  =  Hi  -  TJj (1.) 

and  several  examples  of  the  mode  of  computing  this  quantity  of 
heat  have  been  given  in  the  preceding  sections. 

To  find  what  volume  will  be  filled  with  sether  vapour  by  means 
of  this  heat,  in  the  first  place  must  be  computed  the  expenditure  of 
heat  per  ctibic  foot  o/cether  vapour,  produced  at  the  pressure  under 
which  the  sether  is  evaporated,  which  is  supposed  to  be  given  and 
represented  by  p\  =  O  K,  and  is  necessai'ily  a  pressure  correspond- 
ing to  a  boiling  point  lo^er  than  the  temperature  at  which  the 
steam  is  condensed.     That  expenditure  of  heat  is 

L'  +  JdJy(r  -  T"), (2.) 

where  L'  =  »'  ~~-t  is  the  latent  heat  of  evaporation  of  one  cubic 

foot  of  sether  vapour  under  the  given  pressure,  calculated  by  a 
formula  of  the  kind  given  in  Article  255,  or  by  the  aid  of  Table  V. ; 
J  c'  =  399*1  foot-lbe.  per  degree  of  Fahrenheit,  is  the  specific  heat 
of  liquid  sether;  D'  is  the  weight  of  one  cubic  foot  of  aether  vapour, 
found  by  the  formulee  of  Article  256,  or  by  the  aid  of  Table  V. ;  T' 
is  the  temperature  at  which  the  «ther  is  evaporated,  and  T"'  that 
at  which  it  is  condensed,  and  returned  to  the  evaporating  apparatus. 
Then  the  initial  volume,  represented  by  K  L  in  the  figure,  of  the 
sether  evaporated  per  lb.  of  steam  condensed,  is  found  by  means  of 
the  equation 

"*'  ==  ^^  =  L'  + jcD'V-n' ^^'^ 

Let  p"  =  O  N  denote  the  intended  final  pressure  of  the  sether 
vapour,  at  the  end  of  its  expansion,  and  p"'  its  mean  back  pressure, 
which  appears  to  be  about  5  lbs.  on  the  square  incL  Then  from 
the  data,  p',  p",  p",  T"',  by  means  of  the  formulie  of  Articles  281 
and  284,  substituting  only  the  constants  which  apply  to  sether  for 
those  which  apply  to  steam,  and  using  Table  Y«  instead  of  Table 
IV.,  may  be  computed — 

The  ratio  of  expansion  r",  and  thence  the  final  volume^  N  a/^  u 
of  the  sether  evaporated  per  lb.  of  steam ;  digitized  by  LiOOg Ic 
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The  energj  exerted  by  that  ether^  represented  hj  the  area 
K  L  M  Q  K  =  U'. 
The  ratio 

MN  +  D0  =  i'u'-5-rri (4.) 

18  that  of  the  yolame  of  the  ether  cylinder  to  the  volume  of  the 
steam  cylinder.  In  practice,  those  cylinders  are  either  of  equal 
size,  or  the  »ther  cylinder  is  somewhat  the  larger. 

The  heat  per  lb.  of  steam  to  be  abstracted  by  the  cold  water 
which  circulates  in  the  sther  condenser  is  given  by  the  expression 

Hi-U-U (5.) 

The  mean  effective  pressures  in  the  steam  cylinder  and  »ther 
cylinder  req>ectivelyy  are 

TJ  +  r  Vi  and  U'  ■?.  r'  W. (6.) 

The  same  amount  of  additional  energy,  which  is  obtained  by  the 
addition  of  the  sther  engine  to  the  steam  engine,  might  also  be 
obtained  by  continuing  the  expansion  of  the  steam  sufficiently  £Eur, 
as  represented  by  the  une  C  H  G,  provided  a  sufficiently  low  back 
pressure  could  be  insured;  but  this  might  require  in  some  cases  a 
cylinder  so  large  as  to  be  more  costly  than  the  binary  engine. 

302.  KuuBFie  mr  WUmthm  mf  BzpwtaMiMa. — ^The  following  quan- 
tities are  tneansy  computed  from  a  long  series  of  experimental  r^ults 
given  in  M.  Qouin*8  report,  already  moationed,  on  the  performance 
of  the  steam  and  ether  engines  of  the  ^^  fir68il:" — 

PannTna  a  lm.  cm  ims  sovtabs  iscb. 
InboUaror  B^k  Mean 

evmporator.        prenort.         eflbcdve. 

Steam, ^.    43-a  f'6  11*6 

^ther, 31-2  53  71 

Total  mean  effective  pressure  reduced  to  the  area 
of  one  pUtan,  the  areas  and  strokes  of  the  steam 
and  ether  pistons  having  been  in  this  case  the 
some, 187 

It  thus  appatrs  that  the  proportions  ci  the  incGeated  power  of 
the  engine  obtained  in  the  steam  and  asther  cylinders  resj^ctively^ 
were  as  follows:— Steam,  11-6  -{-  18*7  -='62;  ether,  7*1  -^  18*7  =^ 
•38. 

The  gain  of  power,  however,  by  the  addition  of  the  ether  engine, 
is  not  quite  so  great  as  this  calculation  shows ;  because,  had  the 
steam  cylinder  been  used  aloue,  the  back  pressure  would  have  been 
in  all  probability  about  3  lbs.  on  the  square  inch  less;  that  is, 
about  4'6  instead  of  7*6;  so  that  the  mean  eflfoctive  pressore  in  the 
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8te«m  cyHnder  would  bsve  beea  14*6  instead  of  11*6 ;  and  tlie  pro- 
portion borne  by  the  power  of  the  steam,  engine  akme  to  that  of 
tlie  binary  engine  would  have  been 

14-6  -f.  18*7  =  -77,  leaving  1-00  -  -77  =  -23 

of  the  whole  power  of  the  binazy  engine,  as  the  real  gain  due  to  the 
sether  engine. 

The  consamptioii  of  fuel,  according  to  M.  Gonin's  report,  was 
either  2*8  or  2*44  lbs.  of  coal  per  indicated  horse-power  per  hour, 
according  as  certain  experiments  made  under  peculiarly  adverse 
circumstances  were  included  or  excluded. 

The  Innary  engine  is  not  more  economical  thaa  steam  engines 
designed  with  due  regard  to  economy  of  fuel;  but  by  the  ad<Ution 
of  an  sether  engine,  a  wasteful  steam  engine  may  be  converted  into 
an  economical  binaiy  engine. 


Addendttm. 

302  a.  nxfiHtiw  CtaM-BagiiM. — In  Lenoir's  gas-engine,  air  and 
coal-gas  in  proper  proportions  are  introduced  into  a  cylinder;  the 
admission  is  cut  of^  and  the  mixture  exploded  by  electricity;  the 
explosion  causes  a  sudden  increase  of  pressure;  the  gaseous  mix- 
ture expands,  driving  the  piston  before  it  till  the  stroke  is  com- 
pleted, and  is  expelled  during  the  return  stroke.  The  cylinder  is 
prevented  from  overheating  by  water  circulating  iu  a  coiL  Best 
proportion  of  mixture,  eight  volumes  of  air  to  one  volume  of  coal- 
gas.  Absolute  pressure  immediately  after  explosion,  p^  =  about  5 
atmospheres,  or  10,580  lbs.  on  the  square  foot.  Let  the  atmos- 
pheric pressure  be  denoted  hyp^;  then  available  heat  of  explosion, 
per  cubic  foot  of  plosive  mixture,  H.  =  2*5  (ft  -jPo)  =  21,160 
foot-lba,  nearly.  (This  is  about  threi^nlks  of  the  total  neat  of  the 
explosifQ.) 

Let  r  be  the  ratio  of  expansion,  p^  the  final  absolute  pressure; 

W  the  indicated  work  per  cubic  foot  of  explosive  mixture;  p^  ih^ 
mean  e£Eective  pressure;  then 

7 

ft  =  Pi«-  ^nearly; 
W=  2-5(ft  -2>2)  -  3*5(r-  1);>2  +  (r  -  l){p2-Po)> 
p^  =  W  -i-r. 

Rate  of  expansion  for  greatest  efficiency,  r^  =  yp^j  7  =  3*16  . 
nearly;  then;?2==^o>  ^^^ 
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The  preoeding  fonnulie  indode  no  dedactions  for  Iobkb  throogli 
increased  back-pressnrey  and  throngli  abstraction  of  heat»  from 
the  gas  which  is  in  the  act  of  expanding,  bj  the  cold-water  coiL 
Hiese  losses,  chiefly  from  the  last-mentioned  cause,  are  so  great  as 
to  increase  the  expenditure  of  coal-gas  per  indicated  horse-power 
per  hour  nearly  four-fold,  its  actual  amount  being  about  140 
cubic  feet,  according  to  experiments  by  Treses. 

In  Huffon's  gas-engine  a  small  jet  of  water  in  the  state  of  spraj 
is  injected  into  the  cylinder  by  a  pump  during  each  return  stroke. 
This  at  once  diminishes  the  back-pressure,  and  lessens  the  supply 
of  water  required  for  the  cold-water  coiL  The  expenditure  of  ooal- 
gas  per  indicated  horse-power  per  hour,  accordii^  to  experiments 
by  Tresca,  is  about  85  cubic  feet,  or  about  2^  times  that  given  by 
the  preceding  formula.  The  explosive  mixture  is  fired  by  being 
put  mto  communication  with  a  gas-flame. 

In  Otto  and  Langen's  gas-engine  there  is  a  very  tall  vertical 
cylinder  containing  a  piston,  whose  rod  is  connected  with  the  fly* 
wheel  shaft  by  means  of  ratchet-work,  which  acts  during  the 
down-stroke  only.  The  explosive  mixture  is  admitted  below  the 
piston,  and  fired  by  being  put  in  communication  with  a  gas-flame. 
The  piston,  being  free  fi-om  connection  with  the  fly-wheel  shaft, 
shoots  up  with  great  speed  until  it  is  brought  to  rest  by  gravity, 
and  by  the  atmospheric  pressure;  the  burnt  gas  cools  so  rapidly 
by  the  expansion  as  to  give  out  veiy  little  heat  to  the  cylind^; 
and  it  falls  at  the  end  of  the  expansion  to  a  pressure  much  below 
the  atmospheric  pressure.  A  water-jacket  round  the  lower  end  of 
the  cylinder  only  is  found  sufficient  to  prevent  overheating.  The 
down-stroke  is  performed  by  means  of  the  atmospheric  pressure, 
and  of  gravity,  opposed  by  the  back-pressure;  which  during  a 
great  part  of  the  stroke  is  about  ^  atmosphere,  and  towards  the 
end  rises  to  1  atmosphere  by  compression ;  and  then  the  gas  is  ex- 
peUed.  The  explosive  mixture  consists  of  one  volume  of  ooal-gas 
and  nine  volumes  of  air;  the  pressure  immediately  after  explosion 
is  from  4  to  6  atmospheres;  the  expenditure  of  coal-gas  per  indi* 
cated  horse-power  per  hour  is  said  to  be  about  Z5  cubic  feet  (See 
VerhancUungm  de»  VeririnsfUr  Gewerbfleisa  in  Preusaen,  1868.) 


Addendum  to  Abticlb  296,  Paob  430. 
Empirical  formula  for  elastieity  of  steam-gas  at  the  temperature 
corresponding  to  the  pressure  p'  and  volume  v'  of  saturated  steam. 
Letp0=  1  atmosphere;  then 

pv^p'f^  -I-  1737  (-^y 
(From  SfUpbuOdmq,  ThMntkal  and  PradkaX,  pa«(e  26af  ^C)Ogie 
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OF  FURNACES  AMD  BOILERS. 

SEcnoN  I. — Of  Boilers  and  Furnaces  in  general, 

iOi,  Otmwml  AmagMieato  •€  Varaace  aad  Boller« — ^T]>e  USnal 
relative  arrangements  or  positions  of  the  furnace  and  boiler  of  a 
steam  engine  may  be  divided  into  three  principal  classes ;  as 
follows : — 

L  In  the  Bjctemai  Faraace  Boiler,  the  fumace  or  fire-chamber  is 
wholly  outside  of,  and  partly  in  contact  with,  the  water  vessel  or 
boiler ;  so  that  the  boiler  forms  part  of  the  boundary  of  the  fumace 
(generally  the  top).  The  other  boundaries  of  the  fumace  are 
usually  built  of  fiji-brick.  As  to  the  thickness  required  to  prevent 
loss  by  radiation,  see  Article  228.  Examples  of  this  are — ^the  old 
hay-stack  boiler  and  wagon  boiler,  the  plain  cylindrical  boiler, 
without  internal  flues,  and  some  boilers,  such  as  Gumey's,  Perkins's, 
and  Craddock's,  in  which  the  water  and  steam  are  contained  in 
tubes  surrounded  by  the  flame. 

IL  In  the  lateraai-Faraace  Boiler,  the  fire-chamber  is  enclosed 
within  the  boiler.  Examples  of  this  are — ^the  boilers  now  most 
common  in  land  engines,  with  one  or  more  furnaces  contained  in 
horizontal  cylindric^  internal  flues  ;  most  marine  boilers ;  and  all 
locomotive  boiler& 

IIL  The  Becmchodi  Faraace  or  Orea  is  a  fire-chamber  built  of 
brick,  in  which  the  combustion  is  completed  before  the  hot  gas 
comes  in  contact  with  any  part  of  the  boiler.  This  has  been 
already  referred  to  in  Artide  230,  page  283. 

304.   The  Priaclpal  Parts  aa«l  Appeudmg^m  of  a  Faraace  are — 

L  The  fumace  proper,  or  fire-box,  being  the  space  where  the 
solid  constituents  of  the  fuel,  and  the  whole  or  part  of  its  gaseous 
constituents,  are  burned. 

IL  The  grale,  being  that  part  of  the  bottom  of  the  fumace 
proper  which  is  composed  of  alternate  bars  and  spaces,  to  support 
the  fuel  and  admit  air. 

IIL  The  hewrth  is  a  floor  of  fire-brick,  on  which,  instead  of  on 
a  grate,  the  fuel  is  burned  in  some  furnaces. 

IV.  The  dead  plate,  or  dumb  plate,  being  that  part  of  the  bottom 
of  the  fumace  proper  which  consists  of  an  iron  plate,  without  bars 
and  spaces. 

2o 
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V.  The  mouth-piecey  being  the  passage  through  which  fuel  is 
introduced,  and  sometimes  also  air.  The  bottom  of  the  mouth- 
piece is  a  dead  plat«.  In  many  furnaces  there  is  a  mere  doorway, 
and  no  month-piece. 

VI.  The  Jvrt-d(x/r^  which  closes  the  mouth-piece  or  doorway, 
and  which  may  or  may  not  have  openings  and  vidves  in  it  to  admit 
air.  Sometimes  the  duty  of  a  fire  door  is  performed  by  a  heap  of 
dross  closing  up  the  mouth-piece. 

VIL  The  fumace-fronty  above  and  on  cither  side  of  the  fire 
door. 

VIIL  The  aah^y  being  the  space  below  the  grate  into  which 
the  ashes  fall,  and  through  which,  in  most  cases,  the  greater  part 
of  the  supply  of  air  is  admitted. 

IX.  The  ctsh-pU  door,  used  in  some  furnaces  to  r^nlate  the 
admission  of  air  through  the  ash-pitw 

X  The  bridgCy  being  a  low  vertical  partition  at  one  end  of  the 
furnace  (usually  the  back)  over  which  the  flame  passes  on  its  way 
to  the  flues  or  chimney.  This  is  what  is  meant  when  'Hhe 
bridge  *'  is  spoken  of  without  qualification ;  but  the  word  bridge  is 
also  applied  to  any  low  partition  having  a  passage  for  flame  or  hot 
gas  above  it.  Bridges  arc  usually  built  of  fire-bnck ;  but  they  are 
a]so  sometimes  made  of  plate  iron,  and  hollow,  so  as  to  contain 
water  within,  and  form  part  of  the  water  space  of  the  boiler — they 
are  then  called  ^^  water  bridges.'*  The  top  of  a  water  bridge  ought 
to  slope  or  curve  upwards  towards  the  ends,  to  admit  of  the  rapid 
escape  of  the  bubbles  of  steam  which  form  on  its  internal  surface. 
Sometimes  a  water  bridge  projects  downwards  from  a  part  of  the 
boiler  above  the  furnace,  leaving  a  passage  below  for  flame-— it  is 
then  called  a  "  luinging  bridge,**  A  water  bridge  with  passages  for 
flame,  both  above  and  below,  is  caUed  a  " mid-foather** 

XI.  The  Jlame  chamber ,  being  the  space  immediately  behind  the 
bridge  in  which  the  combustion  of  the  inflammable  gases  that  pass 
over  the  bridge  is  or  ought  to  be  completed.  It  has  often  a  floor 
of  fire-brick,  called  the  flame  bed;  and  is  sometimes  lined  with 
fire-brick  to  prevent  the  cooling  and  extinction  of  the  flame,  and 
sometimes,  for  the  same  purpose,  filled  with  fire  clay  tiles,  made  of 
a  horse-shoe  form  in  section,  to  admit  of  the  circulation  of  the  gases. 

XII.  Air  paesageSf  of  various  constructions  and  in  various  »tua- 
tions,  and  with  or  without  valves,  to  admit  air  for  the  combustion 
of  the  fuel,  whether  forced  in  by  atmospheric  pressure  or  by  a 
blowing  machine. 

XIII.  Fluesy  being  passages  traversed  by  the  hot  gas  on  its  way 
from  the  fire  to  the  chunney.  These  are  sometimes  external,  being 
in  contact  with  the  outside  of  the  boiler,  and  bounded  externally 
by  brickwork;  and  sometimes  internal,  being  contained  within. 
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and  forming  part  of;  the  boiler.  Internal  flues  of  small  diameter 
i^re  called  tubes. 

XIV.  Bafflers  or  diffusers,  being  partitions  so  placed  as  to 
improve  the  oonvection  of  heat,  by  promoting  the  completeuesu  of 
the  circulation  of  the  particles  of  hot  gas  over  the  heating  surface 
of  the  boiler.  The  various  bridges  already  mentioned  fiedl  under 
this  head,  and  also  the  spiral  blades  for  boiler  tubes  recently 
introduced  by  Messrs.  Duncan  A  Gwynne, 

XY.  The  chmmey  (see  Article  233),  at  the  foot  of  which  is 
sometimes  a  chamber  called  the  srnc^  box,  or  uptake,  in  which  the 
various  flues  terminate. 

XVL  Blowing  apparalus,  used  in  order  to  produce  a  draught, 
whether  by  forcing  air  into  the  furnace  by  means  of  a  fan,  or  by 
driving  the  gases  out  of  the  chimney  by  means  of  a  blast  pipe.  See 
Article  233. 

XVII.  Dampers,  being  valves  placed  in  the  chimney,  flues,  tubes, 
or  air  passages,  to  regulate  the  draught  and  rate  of  combustion. 

No  one  furnace  possesses  aU  the  parts  and  appendages  above 
enumeiuted ;  for  some  of  them  are  substitutes  for  others,  and  8ome 
are  only  employed  in  furnaces  of  particular  kinds  (see  pago  477). 

305.   The  Principal  Parts  aiUI  AppcMUuM  af  a  Boiler  are--- 

I.  The  shell,  or  external  boundary  of  the  boiler,  for  which  the 
usual  material  is  iron,  although  sheet  copper  is  sometimes  em- 
ployed. The  figures  tisually  employed  for  the  shells  of  boilers  ai^e, 
the  spherical,  the  cylindrical,  and  the  plane,  and  combinations  of 
those  three  figures.  The  most  common  figure  at  the  present  day  is 
that  of  a  horizontal  cylinder,  with  flat  or  hemispherical  ends.  In 
some  peculiar  boilers,  the  shell  is  a  vertical  cylinder,  or»a  cluster 
of  vertical  tubes  connected  by  means  of  horizontal  tubes  (as  in  Mr. 
Craddock*s  boiler)  ;  or  a  set  of  square  tubes  or  cells  (as  in  Mr. 
J.  M.  Bowan's  boiler) ;  or  a  single  spiral  tube  (as  in  Mr.  Perkins's 
boiler).  Tubes  which  thus  contain  water  internally  are  called 
water  tvhes,  to  distinguish  them  from  tubes  for  transmitting 
furnace  gas.  In  most  locomotive  boilers,  part  of  the  shell  is  a 
rectangular  box,  containing  within  it  another  rectangular  box, 
which  latter  is  the  fire-box.  The  shells  of  ordinary  marine  boilers 
are  of  irregular  shapes,  adapted  to  the  space  in  the  ship  which  they 
are  to  occupy,  and  approximating  more  or  less  to  rectangular 
figures,  rounded  at  the  comers  and  arched  at  the  top. 

II.  The  steam  chest,  or  dome,  being  a  part  of  tiie  shell  which 
usually  rises  above  the  level  of  the  rest  of  the  boiler,  so  as  to  provide 
a  space  in  which  the  steam,  before  being  conducted  to  the  engine,  may 
deposit  any  particles  of  spray  that  it  may  have  carried  up  from  the 
water.  It  is  usually  cylindrical,  with  a  hemispherical  or  segmental 
top ;  but  its  form  is  often  varied,  especially  in  marine  boilera     It 
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.18  advantageous  that  the  steam  chest  should  be  traversed  or  sor- 
roonded  by  a  flue,  in  order  to  diy  or  slightlj  superheat  the  steam^ 
as  enlained  in  Article  295,  page  429. 

UL  The  /umace  or  Jir&4>ox  (in  boilers  with  internal  furnaces) 
is  a  chamber  contained  within  the  boiler,  in  such  a  position  as  to  be 
completely  covered  with  water.  In  ordinary  cylindrical  land 
boilers  it  is  usually  cylindrical,  being  at  one  end  of  a  horixontal 
cylindrical  flue :  in  locomotive  boilers  it  is  sometimes  a  vertical 
cylinder,  but  more  frequently  a  rectangular  box.  In  marine  boilers 
it  is  usually  of  a  figure  approaching  to  rectangular,  with  rounded 
oomera 

Many  of  the  parts  mentioned  in  the  last  Article  as  belonging  to 
furnaces,  become,  when  the  furnace  is  internal,  parts  of  the  boiler 
also;  for  example,  the  ash-pit,  in  the  cylindricad  internal  furnace 
of  a  horixontal  cylindrical  boiler,  is  simply  the  space  below  the 
gnte  within  the  cylindrical  flue  whidi  contains  the  fumaceu 
Water  bridges  have  already  been  described. 

The  principal  bridge  at  the  back  of  an  internal  furnace  is  usually 
of  fire-brick.  Sometimes,  in  order  to  prevent  the  cooling  of  the 
flame  by  contact  with  the  sur^Mse  of  a  water  space  before  the  com- 
bustion is  complete,  the  fiumace  is  lined  intenially  with  a  fire-brick 
arch;  and  sometimes  also  an  internal  flame  chamber  (Article  304, 
Division  XL)  adjoining  the  furnace  is  Uned  in  the  same  manner. 

One  boiler  may  contain  one,  two,  or  more  internal  furnaces. 

lY.  Internal  flueSf  and  vnUrnal  tubei,  being  small  internal  flues, 
have  already  been  mentioned  under  head  XIII.  of  Article  304. 

Y.  A  tube-plate  is  a  plate  which  forms  sometimes  part  of  the 
shell  of  the  boiler,  and  sometimes  one  side  of  an  internal  fire-box, 
flame  chamber,  or  flue,  and  which  isjterforated  with  holes,  into 
which  the  ends  of  a  set  of  tubes  aro  fixed.  Each  set  of  tubes 
requires  a  pair  of  tube-plates,  one  for  each  end  of  the  tubes. 

YL  The  man^hole  is  a  circtdar  or  oval  orifice  in  any  convenient 
position  on  the  top  of  the  boiler,  large  enough  to  admit  a  man  to 
the  interior  of  the  boiler  to  cleanse  or  repair  it  The  entrance  to 
the  man-hole  usually  consists  of  a  short  cylinder  having  a  flange 
surrounding  its  upper  end,  to  which  the  cover  is  bolted,  when  the 
cover  opens  outwards.  The  bolts  must  be  capable  of  safely  bearing 
the  pressure  of  the  steam  against  the  cover.  Sometimes  the  cover 
opens  inwards,  and  then  it  is  kept  shut  by  the  pressure  of  the 
steam ;  but  to  prevent  its  being  dislodged  from  its  seat,  it  is  held 
by  bolts  and  nuts  to  cross  bars  outside  the  man-hole.  The  cover 
should  fit  its  seat  very  accurately. 

YIL  Mud-hole^  are  orifices  at  or  near  the  lowest  part  of  a  boiler, 
which  are  opened  occasionally  for  the  discharge  of  sediment 

YIIL  The  feed  appq^ratue,  by  which  water  is  introduced  into  ihe 
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boiler  to  supply  the  place  of  that  which  has  been  discharged  in  the 
state  of  steam  or  otherwise,  is  usually  supplied  by  a  pump  worked 
l>y  the  engine.  In  marine  and  locomotive  engines,  the  rate  at 
^wliich  feed  water  is  supplied  is  regulated  by  a  cock  imder  the  con- 
trol of  the  engineer;  the  surplus  water  which  comes  from  the  feed 
pump  being  dischai^ged  through  a  valve  loaded  with  a  pressure 
greater  than  that  in  the  boiler;  but  in  stationary  boilers,  there  is 
often  a  self-acting  apparatus  to  regulate  the  feed,  controlled  by  a 
£oat  which  rises  and  falls  with  the  level  of  the  water  in  the  boiler. 
The  proper  dimensions  of  feed  pumps  will  be  considered  farther  on. 

In  cases  in  which  a  JUxU  within  a  boiler  is  used,  it  ought  to  rise 
and  fall  within  a  casing,  communicating  with  the  rest  of  the  boiler 
through  small  holes  near  the  top  and  bottom  only.  The  water 
within  the  casing  will  preserve  the  same  mean  level  with  that 
throughout  the  rest  of  the  boiler,  but  will  be  free  from  the  agita- 
tion which  is  produced  in  all  other  parts  of  the.  boiler  by  the 
dis^^iagement  of  steam.    (As  to  In^edora^  see  page  477.) 

l£  The  Uovxff  cvpp<vr€UfU8  consists,  in  fre&  water  boilers, 
simply  of  a  large  cock  at  the  bottom  of  the  boiler,  which  is  opened 
occasionally  to  cleanse  the  boiler  by  emptying  it  completely  of 
sediment  and  muddy  water.  In  many  marine  boilers,  fed  with 
salt  water,  a  similar  cock  is  opened  at  regular  intervals  to  discharge 
brine,  and  so  prevent  salt  from  collecting  in  the  boiler.  Another 
blow-off  cock  is  sometimes  so  placed  as  to  discharge  occasionally 
the  scwnhy  consisting  of  crystals  of  salt,  which  collects  on  the  surface 
of  the  water :  this  is  called  the  "  surface  blow,*^ 

As  a  substitute  for  the  common  blow-off  apparatus,  Messrs. 
Maudslay  introduced  brine  pumps,  which  draw  off  a  fixed  quan- 
tity of  brine  from  the  bottom  of  the  boiler  at  each  stroke  of  the 
engina 

The  hot  brine,  whether  blown  off  or  pumped  off,  is,  or  ought  to 
be,  passed  through  a  set  of  tubes,  surrounded  by  a  casing  tlm>ugh 
which  the  feed  water  passes  on  its  way  to  the  boiler;  the  currents 
of  the  brine  and  of  the  feed  water  flowing  in  opposite  directions. 
By  means  of  this  apparatus,  called  the  refrigerator,  the  greater  part 
of  the  heat  which  would  otherwise  be  wasted  with  the  brine  is 
saved  by  being  transferred  to  the  feed  water. 

X.  The  sedimerU  collector,  used  in  some  marine  boilers,  is  a 
funnel  shaped  like  an  inverted  cone,  and  placed  within  the  boiler 
so  that  its  mouth  is  somewhat  above  the  water  leveL  It  communi- 
cates with  the  rest  of  the  boiler  through  triangular  slits  near  its 
upper  edga  In  the  boiler  generally,  there  is  a  continual  boiling 
up  of  steam,  which  keeps  ciystals  of  salt  and  other  solid  particles 
for  a  time  near  the  sur^EU^  of  the  water.  Within  the  cone  there 
is  comparatively  still  water,  so  that  the  solid  impurities  collect 


i5i  STEAM  AHD  OTHCE  HIAT  KBTCOHBa. 

there,  and  sink  down  to  the  bottom,  or  apex  of  the  cone,  whence 
they  are  from  time  to  time  Uown  off,  being  first  Ktirt^  np  if 
neoesaary. 

XI.  The  ateam  pipe  conveys  the  steam  from  the  boiler  to  the 
engine.  Ai  to  its  dimensions  and  resistance,  see  Article  290. 
Besides  the  throttle  valve  or  regulator,  by  which  the  snpply  of 
steam  to  the  engine  is  controlled,  the  steam  pipe  of  eveiy  boiler 
Ehould  be  provided  with  a  perfectly  steam  tight  $top  valve  (being 
usually  a  conical  valve  worked  by  means  of  a  screw)  to  be  shut 
when  the  boiler  is  not  in  use. 

XXL  Sa/efy  valves,  for  letting  the  steam  escape  from  the  boiler 
when  its  pressure  tends  to  rise  too  high,  have  been  partially  men- 
tioned in  Article  113,  and  will  be  further  considerod  in  a  subse- 
quent Artida  Every  boiler  should  have  two,  one  being  placed 
beyond  the  control  of  the  engineman. 

XIII.  The  vacuum  valve  is  a  safety  valve  opening  inwards,  to 
admit  air  into  the  boiler,  and  so  to  prevent  it  frcaa.  collapsing, 
in  the  event  of  the  steam  within  it  faUing  below  the  atmospheric 
pressure. 

XIY.  The  Jumble  piug  is  a  piece  of  metal  or  alloy  stopping  an 
aperture  in  some  part  of  the  boiler  which  is  directly  exposed  to  the 
fire,  and  of  such  a  composition  as  to  melt  at  a  temperature  lower 
than  that  at  which  the  juressure  of  the  steam  would  become  dan- 
gerous. A%  to  the  melting  points  of  various  metals  and  alloys,  see 
Article  205,  page  235.  Little  confidence  is  now  placed  in  thia 
contrivance;  for  it  has  been  known  to  fail  completely  in  various 
cases  of  boiler  explosions. 

XY.  The  pr«c9ur8^ot4^  shows  to  the  engineer  the  excess  of  the 
presmre  within  the  boiler  above  that  of  the  atmosphere.  As  to 
various  pressure  gaug^  see  Article  107  A.  That  which  is  now 
almost  luuversally  preferred  for  steam  boilers  is  Bourdon's  (see 
pages  111,  112> 

XVI.  The  water  gauge  shows  to  the  engineer  the  level  of  the 
water  in  the  boiler;  and  especially,  whether  it  stands  high  enough 
to  cover  all  those  parts  of  the  boiler  which  are  directly  exposed  to 
the  fire.  The  old  form  of  water  gauge  consists  of  tlu:ee  cocks  at 
different  levels;  one  at  the  proper  level  of  the  water,  another  a 
few  indies  above  that  level,  and  a  third  a  few  inches  below.  By 
opening  these  the  engineer  can  ascertain  the  level  of  the  water 
approximately.  The  new  form  which  is  most  frequently  used, 
consists  of  a  strong  vertical  glass  tube,  communicating  with  the 
boiler  above  and  below  the  proper  water  level  through  cocks, 
which  can  be  shut  if  the  tube  is  accidentally  broken.  The  level  of 
the  water  is  visible  in  this  tube.  Every  boiler  ought  to  be' pro- 
vided with  6o^  forms  of  water  gaiige,  the  cocks  and  the  glaas  tube  ; 
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fio  that  if  the  tube  sbotild  be  oboked  or  broken,  the  cocks  may  be 
-omployed.  There  are  other  forms  of  water  gauge,  in  which  a  float 
Acts  upon  an  index;  but  they  are  less  used  than  the  two  forms 
liefore  mentioned. 

In  the  sethei'  evaporator  of  M.  du  Tremble/s  binary  engine, 
*where  a  glass  tube  would  be  dangerous,  an  iron  float  on  the  surface 
of  the  aether  rises  and  falls  in  a  vertical  brass  tube^  and  its  position 
is  indicated  by  a  magnetic  needle  outside. 

XVII.  A  steam  whistle  may  be  used,  as  in  locomotives,  merely 
to  make  signals;  but  it  may  also  be  acted  upon  by  a  pressure  gauge, 
or  by  a  float,  so  as  to  give  warning  of  the  pressure  rising  too  high, 
or  the  water  level  falling  too  low. 

XVIII.  A  damper  is  sometimes  so  acted  upon  by  a  pressure 
gauge  as  to  regulate  the  draught  of  the  furnace,  and  prevent  any 
great  devialnon  of  the  pressure  from  a  given  intensity.  This  is 
accomplished  in  Watt's  low  pressure  stationary  boilers,  by  having 
a  pressure  gauge  consisting  of  a  vertical  column  of  water  contained 
in  a  tube  which  is  open  at  the  top,  and  plunges*  into  the  water 
•within  the  boiler  at  the  bottom ;  while  a  float  on  the  surface  of 
that  water  column  opens  the  damper  when  falling,  and  closes  it 
-when  rising. 

XIX.  St<»f/8  are  bars,  rods,  bolts,  and  gussets  for  strengthening 
the  boiler,  which  have  already  been  mentioned  in  Article  66,  and 
-will  be  further  referred  to  in  a  subsequent  Article. 

XX.  Clothing  for  the  outer  surface  of  a  boiler,  to  prevent  waste 
of  heat,  is  made  sometimes  of  a  layer  of  coarse  felt,  covered  with  a 
layer  of  thin  wooden  boards,  and  sometimes  of  a  casing  of  brick- 
work. The  tops  of  land  boilers,  resting  on  brickworic,  are  sometimes 
"buried  under  a  layer  of  ashes;  but  this  method  is  objectionable,  as 
the  moisture  which  collects  amongst  the  ashes  tends  to  corrode  the 
"boiler  shell 

The  principal  parts  and  appendages  of  engines  and  boilers  having 
been  enumerated  and  described  generally,  those  which  require  it 
will  now  be  treated  of  in  a  more  detailed  manner. 

306.  Grate. — The  area  of  the  grate  is  regulated  by  the  weight  of 
fuel  which  is  to  be  bmiit  upon  it  in  an  hour,  and  by  thjs  rate  of 
combnatnon  per  square  foot  of  grate,  as  to  which,  see  Article  232. 
To  the  list  of  different  rates  which  occur  in  practice,  as  given  in 
that  Article,  at  page  2%5,  may  now  be  added  the  following,  which 
comes  between  Nos.  1  and  2  of  that  list  :-^ 

Lbs.  per  aqnaro 
foot  per  bouE. 
1  A.  Hate  of  combustion  in  the  furnace  of  Craddock's  )  ^  .    -.a 

boaer, ^  )      le 

As  has  been  already  more  fally  explained  in  Chapter  l£,  tho 
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economy  of  fdel  depencU  veiy  much  on  the  proper  mdjnstm^t  ci 
the  rate  of  combustion  per  square  foot  of  grate  to  the  draught  o£ 
the  furnace.  A  certain  rate  of  combustion,  which  may  be  foond 
by  practical  trials,  is  the  best  suited  to  insure  perfect  combustion 
in  a  given  furnace;  and  this  fixes  the  best  area  of  grate:  if  the 
grate  is  made  smaller,  the  combustion  becomes  imperfect :  if  laiger, 
too  much  air  enters,  and  heat  is  wasted  in  warming  it  It  is  best^ 
in  practice,  to  make  the  grate-area  at  first  rather  too  large,  and 
then  to  contract  it  by  means  of  fire-bricks,  until  the  smallest  area 
is  obtained  upon  which  the  required  quantity  of  coa]  can  be  burned 
without  incomplete  combustion. 

When  air  is  admitted  above  the  fuel  to  bum  the  coal  gat,  a 
smaller  area  of  grate  is  required  to  bum  a  given  quantity  of  fuel 
per  hour,  than  when  the  whole  supply  of  air  has  to  pass  through 
the  grate.  For  an  example  of  this,  see  the  Table  in  Article  2Z2, 
page  285,  No&  5  and  6. 

The  lengtli  of  a  grate  should  not  much  exceed  6  feet,  in  order 
that  the  fireman  may  easily  throw  coals  to  the  back  of  it  It  may 
be  as  much  1^8$  than  6  feet  as  the  dimensions  and  figure  of  the 
boiler  require.  The  breadtlis  of  grates  range  from  about  15  iuches 
to  4  feet;  the  most  convenient  breadths  for  firing  being  from  18 
inches  to  2  feet,  or  thereabouta  The  grates  of  stationary  and 
marine  boilers  are  usually  long  and  narrow;  those  of  locomotive 
boilers  are  usually  almost  square,  and  sometimes  round. 

To  £Eualitate  the  even  spreading  of  the  fuel,  the  surface  of  an 
oblong  grate  is  in  general  made  to  dope  downwards  from  the  furnace 
mouth  to  the  bridge  at  the  rate  of  about  one  in  six.  Its  dear 
height  above  the  floor  of  the  ash-pit  should  be  at  least  3^  feet  in 
front 

A  locomotive  grate  is*usually  level;  and  the  place  of  an  ash-pit 
is  supplied  by  a  rectangular  wrought  iron  pan  about  10  inches 
deep,  which  is  open  at  the  front,  to  catch  the  air  as  the  engine 
rushes  through  it,  and  can  be  removed  when  required. 

A  grate  consists  oi  fire-hare,  and  of  croee  bearere  by  which  they 
are  sum)orted.  The  fire-bars  are  made  in  lengths  of  from  2  to  3 
feet.  They  are  from  |  inch  to  j  inch  broad  on  the  top,  and  are 
often  made  to  diminish  to  about  half  that  thickness  at  the  lower 
edge,  in  order  to  admit  of  the  free  entrance  of  air  and  escape  of 
ashes.  Their  ordinary  depth  is  about  3  inches.  The  breadth  of 
the  clear  space  between  two  bars  is  from  one-half  to  two-thirds  of 
the  greatest  breadth  of  a  bar.  At  each  side  of  each  end  of  a  bar 
there  are  snugs  or  projections,  by  which  the  breadth  of  the  bar  at 
its  ends  is  increased  so  as  to  be  equal  to  the  distance  firom  centre 
to  centre  of  the  bars.  When  the  bars  are  laid  upon  the  cross 
bearers  with  the  snugs  touching  each  other,  the  proper  spaces  ai-e 
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left  between  their  intermediate  parts.  Fire-bars  are  often  cast  ia 
pairs^  so  that  two  bars  with  the  proper  space  between  them  form  one 
piece.  This  saves  time  in  removing  and  replacing  them  when  the 
grate  requires  repairs.     (As  to  burning  mineral  oil,  see  page  477t) 

307.  M»Yiag  ChMtM. — Reference  has  been  made  in  Article  230, 
page  283,  to  contrivances  for  supplying  fuel  to  furnaces  gradually 
and  equably  by  mechamsm,  in  onier  to  insure  complete  combustion. 
Some  of  these  inventions  involve  the  use  of  moving  grates.  The 
revolving  grate  is  circular  and  horizontal,  and  turns  dowly  about 
its  centre.  The  fuel  is  dropped  upon  it  by  degrees  through  a  fixed 
opening;  and  thus  every  p^  of  it  is  at  all  times  equally  covered. 
Jvxkeis  graJte  consists  of  an  endless  web  of  very  short  fire-bars, 
moving  on  horizontal  rollers,  travelling  from  the  furnace  mouth  to 
the  bridge,  and  returning  through  the  ash-pit  The  portion  of  the 
web  which  at  any  time  is  uppermost^  is  supported  on  small  wheels 
with  which  the  bars  are  provided,  and  which  rest  on  rails.  Some- 
times the  fire-bars,  by  means  of  cams,  are  made  to  have  a  short 
reciprocating  motion  up  and  down,  and  from  side  to  side^  in  order 
to  keep  them  dear  of  cHnkers. 

308.  Bcigia  •fFanuice. — ^The  clear  height  of  the  ^^crovm'*  or 
roof  of  the  furnace  above  the  grate  bars  is  seldom  less  than  about 
18  inches,  and  oflen  considerably  more.  In  the  fire-boxes  of  loco- 
motives it  is  on  an  average  about  4  feet 

The  height  of  eighteen  inches  is  suitable  where  the  crown  of  the 
furnace  is  a  brick  arch,  as  in  Mr.  C.  T.  Dunlop's  detached  furnaces, 
formerly  referred  to.  Where  the  crown  of  the  furnace,  on  the 
other  hand,  forms  part  of  the  heating  surfJEU^  of  the  boiler,  a  greater 
height  is  desirable  in  every  case  in  which  it  can  be  obtcdned;  for 
the  temperature  of  the  boiler  plates,  being  much  lower  than  that  of 
the  flame,  tends  to  check  the  combustion  of  the  inflammable  gases 
which  rise  from  the  fueL  As  a  general  principle,  a  highfwmace  ia 
favowrahle  to  cfymplete  combustion. 

The  height  of  the  furnace  is  limited  in  practice,  sometimes  by 
the  necessity  for  having  flues  or  tubes  traversing  the  water  above 
it;  and  always  by  the  necessity  for  having  a  sufficient  depth  of 
water  above  the  crown;  that  is  to  say,  about  12  or  15  inches  in 
marine  boilers,  5  or  6  inches  in  locomotive  boilers,  and  10  or  12 
inches  in  land  boilers. 

309.  BrcttrOi  for  Burning  "W—A^ — According  to  M.  Peclet,  the 
best  furnace  for  burning  wood  imder  a  steam  boiler,  consists  of  a 
hearth  of  fire-brick,  with  a  sort  oi  hopper  or  feeding  passage  in  front, 
of  the  full  width  of  the  hearth,  made  of  cast  iron.  The  wood,  cut 
into  billets  whose  length  is  a  little  less  than  the  width  of  the 
hearth,  is  placed  crosswise  in  the  hopper,  and  descends  gradually 
either  by  its  weight  alone,  or  by  its  weight  aided  by  the  pressure  of 
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the  feet  of  the  stoker.  As  it  reaches  the  hearth  billet  bj  billet,  it 
takes  fire,  and  is  completely  consumed.  The  hearth  has  a  slight 
slope  forwards,  towards  the  bottom  of  the  hopper.  The  whole 
supply  of  air  for  the  combustion  of  the  wood  passes  down  tiirough 
the  hopper  amongst  the  unconsumed  billets  of  wood.  The  ashes  are 
swept  away  by  the  draught. 

310.  ^kmmd  FhiH  iMtlipliiiiii  gliii  B«i  >■■■«•  Frwrt— Asli- 
^  Hmt. — The  use  of  the  dead  plate  has  been  stated  in  Artide 
230,  page  282.  In  some  of  Watt's  furnaces,  it  was  nearly  as  long 
as  the  grate;  but  a  length  of  about  20  inches  has  been  found  to 
answer  well  in  some  i^ecent  practical  examples.  -  When  the  dead 
plate  forms  the  bottom  of  a  cast  iron  mouthpiece,  it  is  useful  to 
make  the  roof  of  that  mouthpiece  slope  downwards  towards  the 
furnace  at  the  rate  of  one  in  six^  or  thereabouts.  This  has  the 
effect  of  directing  any  current  of  air  which  may  enter  through  the 
mouthpiece  downwards  upon  the  surface  of  the  burning  fuel,  so  as 
at  once  to  promotid  rapid  combustion  of  the  coal  gas,  and  to  prevent 
that  current  from  str^ing  the  crown  of  the  fire-box,  which,  when 
that  crown  is  part  of  the  boiler-surface,  tends'  both  to  lower  its 
temperature,  and  to  oxidate  the  plates.  In  some  furnaces  the  sides 
and  top  of  the  mouth^ece  are  made  thick  enough  to  be  traversed 
by  a  row  of  longitudinal  holes,  each  i  inch  in  diameter.  These 
holes  admit  sm^  currents  of  air,  whi^  have  some  effect  in  burn- 
ing the  coal  gas,  but  whose  principal  use  is  at  once  to  keep  the 
mouthpiece  cool,  and  to  carry  back  to  the  furnace  the  heat  which 
would  otherwise  be  lost  by  conduction  through  the  metal  of  the 
mouthpiece. 

In  some  furnaces  the  dead  plate  is  double^  and  a  current  of  air  is 
admitted  thix)ugh  the  passage. 

As  to  contrivances  for  preventing  waste  of  heat  through  the  fire- 
door  and  furnace-front,  and  for  admitting  air  through  them  to  bum 
the  coal  gas,  and  regulating  the  admission  of  that  air,  and  of  the 
air  whi(£  enters  through  the  ash-pit,  see  Article  228,  page  279, 
and  Article  230,  pages  282,  283.  To  what  has  been  stated  there, 
it  may  be  added,  ^t  doors  consisting  of  several  layers  of  wire 
gauze  have  lately  been  used  for  these  purposes,  and  it  is  said  with 
good  effect;  and  also,  that  a  heap  of  dross,  slack,  or  sawdust  (where 
those  substances  are  burned),  blocking  up  the  mouthpiece,  which 
is  without  a  door,  has  been  found  to  answer  the  same  end  extremely 
well  in  stationary  boilers  at  St  Bollox  chemical  works.  The  heap 
80  placed  intercepts  the  radiant  heat,  and  admits  through  its 
interstices  enough  of  air  to  carry  the  sensible  part  of  that  heat 
ba<^  into  the  furnace,  and  to  bum  the  gases  distilled  from  the 
fresh  fuel  When  the  fireman  considers  that  the  heap  is  sufficifflitly 
coked  or  charred,  he  pushes  it  forward  and  spreads  it  \miformly 
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over  the  grate,  and  supplies  its  place  by  blocking  the  mouthpiece 
again  with  a  heap  of  fresh  fuel 

311.  Air  PMMgcii— BiMTtaig  AypwMtm— CMmmj. — The  means 
of  producing  a  current  of  air  through  a  iumaoe,  and  the  principles 
of  the  action  of  those  means,  and  their  peculiar  effects,  have  already 
(with  the  exception  of  the  blast  pipe)  been  considered  in  Articles 
230,  231,  232,  233,  and  234.  It  may  now  be  added,  that  care 
should  be  taken  not  to  direct  streams  of  fresh  air  ^gainst  the  plates 
or  other  metal  sur&oes  of  the  boiler;  because  if  so  directed,  they 
produce  rapid  oxidation. 

The  blast  pipe  will  be  treated  of  in  gi'eater  detail  amongst  some 
special  subjects  relating  to  locomotive  boilers. 

312.  SiMsgtIi  and  C^mtnictfMi  •€  K«ilen« — ^The  principles  upon 
which  the  strength  of  boilers  depends  have  already  been  stated  in 
Section  8  of  the  Introduction,  w^rticles  59,  60,  61,  62,  63,  66,  67, 
68,  69,  and  73. 

The  only  figures  for  the  shells  of  boilers  which  are  safe  against 
bursting  by  internal  pressure,  without  the  aid  of  stays,  are  the 
cylinder  and  the  sphere,  as  to  which  see  Articles  62,  63. 

Portions  of  boiler-shells  whidi  are  flat,  or  which  otherwise 
deviate  from  the  cylindrical  and  spherical  figures,  are  strengthened 
by  means  of  stays,  as  to  which  see  Article  66,  To  the  information 
there  given,  it  may  be  added,  that  the  usual  pUcJt  or  distance  apart 
of  the  stays  of  locomotive  fire-boxes  is  about  4J  or  5  inches,  and  of 
marine  and  stationary  boilers  12  to  18  inches.  According  to  Mr. 
Bourne,  the  staying  of  existing  marine  boilers  is  seldom  sufficiently 
strong;  and  the  iron  of  the  stays  ought  not  to  be  exposed  to  a 
greater  working  tension  than  3,000  lbs.  on  the  square  inch,  in 
order  to  provide  against  their  being  weakened  by  corrosion.  This 
amoxmts  to  making  the  /actor  of  safety  for  the  working  pressure 
about  20. 

If  any  part  of  the  surface  of  a  boiler  cannot  be  efficiently  stayed  by 
rods  reaching  across  to  the  opposite  part,  it  may  be  fastened  by  bolts 
or  rivets  to  a  series  of  ribs  crossing  it,  care  being  taken  that  the  ends 
of  those  ribs  have  sufficient  support  For  example,  the  flat  crown 
of  a  locomotive  fire-box  is  hung  by  bolts  firom  a  series  of  parallel 
ribs,  which  cross  it  at  distances  of  from  4^  to  5  inches  from  centre 
to  centre,  and  whose  ends  are  supported  on  the  front  and  back  of 
the  fire-box. 

It  has  been  found  by  experience  that  a  thickness  of  about  |  of  an 
inch  is  the  most  favourable  to  sound  rivetting  and  caulking  of 
boiler-plates;  and  therefore  they  are  seldom  made  much  thicker  or 
much  thinner  than  that  thickness.  If  a  cylindrical  boiler  is 
required  to  withstand  a  very  high  pressure,  the  necessary  increase 
of  strength  must  be  attained,  not  by  increasing  the  thickness  of  the 
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plates,  but  by  diminiahing  the  diameter  of  the  shelL  The  stnmgesi 
twilen  are  those  which  are  entirelj  oompoeed  of  tubes  and  nail 
cylinders,  with  the  water  and  steam  inside. 

Mr.  Fairbaim's  experiments  have  shown  (bb  stated  in  Article  66), 
that  the  stay-bolts  of  locomotive  fire-boxes  uiould  have  their  diame- 
ters equal  to  donble  the  thickness  of  the  plates,  if  these  are  of  iroQ, 
so  that  for  f  inch  iron  plates  the  stay-bolts  should  be  |  inch  in 
diameter.  According  to  the  principles  laid  down  by  Mr.  Bouise, 
the  fJEUstor  of  safety  for  the  stays  of  marine  boilers  should  be  about 
three  times  the  factor  of  safety  for  those  of  locomotive  boilers; 
hence  for  plates  of  f  inch  thick  or  thereabouts,  the  stays  of  marine 
boilers,  if  round,  should  be  about  1^  inch  in  diameter. 

The  flat  ends  of  cylindrical  boilers  are  made  about  once  and 
a-half  the  thickness  of  the  cylindrical  barrels,  and  are  tied  to  each 
other  by  longitudinal  stays,  or  to  the  sides  of  the  boiler  by  gussets  (see 
Art  66.)  A  pair  of  tube-plates  are  tied  together  in  the  same  masr 
ner;  and  it  is  safer  to  rely  altogether  on  stay-rods,  to  prevent  them 
from  being  forced  asunder,  than  to  leave  any  part  of  the  tension 
to  be  borne  by  the  tubes. 

Tubes  for  the  passage  of  flame  and  hot  gas  are  made  of  brass  or 
of  iron,  and  are  from  iX  to  2  inches  in  diameter  for  locomotives,  and 
from  2  to  4  inches  in  diameter  for  marine  boilers.  They  are  fixed 
tight  in  the  holes  in  the  tube-plates,  either  by  driving  ferules  into 
their  ends,  or  by  rivetting  up  the  edges  of  the  ends  themselves,  so 
as  to  make  them  fit  countersunk  grooves  which  surround  the  holes 
on  the  outside  of  each  tube-plate. 

The  principles  of  the  strength  of  cylindrical  internal  flues  have 
been  explained  in  ALrticl^  67. 

The  flat  ends  of  cylindrical  boilers  are  very  commonly  connected 
with  the  barrels  and  flues  by  means  of  rings  of  angle  iron;  but  such 
rings  are  liable  to  split  at  the  angle;  and  therefore  it  is  considered 
preferable  to  make  the  connection  by  bending  the  edges  of  the 
endmost  plates  of  the  barrel  and  flues.  A  flat  end  to  a  cylindrical 
shell,  or  a  flat  top  to  a  cylindrical  steam  chest,  connected  by  means 
of  an  angle  iron  ring  alone,  without  stav-bars  or  gussets,  is  danger- 
ous at  high  pressures,  even  when  of  small  diameter;  as  the  angle  iron 
ring,  although  it  may  last  for  a  time  and  be  apparently  safe,  is  almost 
.  certain  to  split  at  the  angle  in  the  end. 

The  shells  of  stationary  and  locomotive  boilers  are  usually  single- 
rivetted — ^those  of  maiine  boilers  usually  double-rivetted — that  is, 
the  rivets  form  a  zig-zag  line  at  each  joint  Horizontal  overlapped 
joints  should  have  the  overlapping  edges  facing  upwards  on  the  side 
next  the  water,  that  they  may  not  intercept  bubbles  of  steam  on 
their  way  upwards.  The  joints  in  horizontal  flues  should  be  so 
placed  that  the  overlapping  edges  shall  not  oppose  the  current  of  ga& 
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Those  parts  of  boilers  which  are  exposed  to  more  severe  or  more 
irregular  strajas  than  the  rest,  or  to  a  more  intense  heat,  should  be 
made  of  the  finest  iron,  such  as  Bowling  or  Lowmoor.  This 
applies  to  the  sides  and  ci-owns  of  internal  furnaces,  to  tube-plates, 
to  bent  plates  at  the  ends  of  cylindrical  shells,  &c 

313.  Keattac  0nrfiiM— INhmmI^m  mm4  €«mrM  •f  Flacfc — In 
Article  234,  Division  lY.,  there  have  already  been  given  several 
examples  of  the  proportions  usually  borne  by  the  area  of  heating- 
surface  to  the  area  of  the  grate,  and  to  the  number  of  pounds 
of  fuel  burnt  in  an  hour;  and  in  that  Article,  and  the  previous 
Articles  219,  220,  and  221,  have  been  explained  the  principles 
on  which  the  efficiency  of  that  heating-surface  depends.  The  object 
of  the  use  of  tubes  is  to  obtain  a  large  heating-surface  withm  a 
moderate  space;  and  this  was  the  nature  of  the  improvement  intro- 
duced by  Booth  and  Stephenson  into  the  construction  of  the 
beating-surface  of  locomotive  boilers.  The  construction  which 
insures  the  greatest  known  heating-sur&ce  relatively  to  the  fuel 
consumed,  is  that  in  which  the  boiler  consists  mainly  of  a  sort  of 
cage  of  vertical  water-tubes  enclosing  the  furnace,  as  in  Mr.  Crad- 
dock*s  boiler,  where  there  are  from  six  to  ten  square  feet  of  heat- 
ing-surface for  each  pound  of  coal  burned  per  hour ;  and  the  efficiency 
is  accordingly  greater  than  that  of  any  other  boiler  which  has  yet 
been  bi-ought  into  continuous  practical  operation  on  the  lai*ge  scale. 
(See  Article  234,  Example  IX.,  page  297.) 

Similar  proportions  of  heating-sur&ce  to  fuel  consumed  may  be 
obtained  by  means  of  square  water-tubes  or  cells,  each  containing 
four  hot  gas  tubes,  as  in  Mr.  J.  M.  Itowan*s  boiler. 

The  sectional  area  ofihsjluee  oi  a  boiler  must  not  be  made  too 
large,  lest  it  should  make  the  boiler  too  bulky,  nor  too  small,  lest 
it  should  cause  too  much  resistance  to  the  draught  Experience 
has  shown,  that  a  sectional  area  of  from  one-Jlflh  to  ane-aeverUh  of 
the  area  of  the  grate  answers  well  in  practice^  Where  there  is  a 
bridge  contracting  the  entrance  to  the  flue,  this  applies  to  the  area 
of  the  passages  left  by  the  bridge.  In  multitubular  boilers,  the 
area  to  be  considered  is  the  joirU  area  of  the  whole  set  of  tubes, 
which,  when  there  are  ferules  at  their  ends,  is  to  be  measured  within 
the/enUes. 

The  course  taken  by  the  current  of  hot  gas  through  the  flues  and 
tubes  of  a  boHer  is  most  commonly  from  below  upwards  on  the 
whole,  even  when  most  of  those  passages  are  honzontaL  It  was 
first  ^own  by  Peclet,  and  is  now  generally  recognized,  that  a 
great  advantage  in  point  of  thorough  convection  of  heskt,  and  con- 
sequently in  economy  of  fuel,  is  gained  by  causing  the  course  of  the 
^ot  gas  to  be  on  the  whole  from  above  dovmwards;  because  then 
the  hottest  strata  of  the  furnace  gas,  being  uppermost,  spread  them- 
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selves  out  above  the  denser  and  colder  strat^  whidi  are  below,  and 
so  difiiise  themselves  more  uniformly  throughout  all  the  passages 
than  they  do  when  made  to  ascend  from  below.  This  princii^e 
was  practically  applied  in  the  Earl  of  Dundonald's  boiler — as  to 
which  see  Article  234,  Example  X.,  page  298,  also  Article  334,  page 
476. 

314.  T«iia  aiUi  BJRMtlTtt  HMtfliHt  Svikce. — ^The  lower  horizontal 
or  nearly  horizontal  sur£ftces  of  internal  flues  and  tubes,  owing  to 
the  difficulty  with  which  bubbles  of  steam  escape  from  them,  are 
found  to  be  much  less  effective  in  producing  steam  than  the  lateral 
and  upper  sui-fiicea  It  is  therefore  common  amongst  engineers  to 
distinguish  between  the  total  heating  surface  of  a  boiler  and  the 
effective  heating  surface,  from  which  latter  the  bottoms  of  internal 
flues,  and  <m&-fourth  of  the  surface  of  each  cylindrical  horizontal 
tube  are  excluded  On  an  average,  the  effective  heating  sur&oe  is 
irom  1  to  i  of  the  total  heating  sinfaoe. 

In  all  the  calculations  of  Airticle  234,  it  is  the  totcU  heaimg-ntT' 
face  which  is  considered. 

315.  w«tci^B«MM  aiui  BtiBM  »■■■  are  the  names  given  to  the 
volumes  of  water  and  steam  respectively  contained  in  the  boiler 
when  the  surfieu^  of  the  water  is  at  its  proper  mean  level  Authori- 
ties differ  as  to  the  relative  proportions  of  water-room  and  steam- 
room  adopted  in  the  practice  o(  the  most  skilful  engineera 
According  to  Mr.  Bourne,  of  the  whole  bailer-room,  or  internal 
capacity  of  the  boiler,  there  are  very  nearly 

J  water-room,  and  ^  steam-room. 

According  to  Mr.  Robert  Armstrong,  there  are 

^  water-room  and  ^  steam-room; 

and  that  author  considers  that,  with  a  less  proportion  of  steam-room, 
there  is  risk  of  priming,  or  carrying  over  liquid  water  from  the 
boiler  to  the  cylinder. 

A  cylindrical  boiler  is  usually  filled  with  water  to  three-fourths 
of  its  depth  or  thereabouts. 

The  practice  with  regard  to  the  absolute  capacity  of  boilers  varies 
very  much.  According  to  Mr.  Robert  Armstrong,  that  capacity 
ought  to  be — 

For  each  cubic  foot  of  water  evaporated  per  howr. 

Steam-room, 131  cubic  feet 

Water-room, ]3|        „ 

Total  boiler-room, 27        ^         ,  * 

Digitized  by  LjOOQIC 
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The  number  of  cubic  feet  of  water  to  be  effectively  evaporated 
per  hour  in  a  given  engine^  per  indicated  horae-power,  is  given  by 
the  formula, 

1980000  .-  . 

62iU  ' ^^'^ 

where  TJ  is  the  work  of  one  lb.  of  steam,  found  by  the  methods  of 
Chapter  III.,  Sections  5  and  6. 

A  useful  mode  of  comparing  the  capacities  of  different  boilers 
is  to  divide  the  boiler-room,  in  cubic  feet,  by  the  area  of  heating- 
sur&ce,  in  square  feet.  Thus  is  obtained  a  sort  of  mean  depth  in 
feet,  analogous  to  the  hydraulic  mean  depth  of  a  pipe.  Of  the  fol- 
lowing examples,  the  first  three  are  given  on  the  authority  of  Mr. 
Fairbaim's  "  Useful  Information  for  Engineers :" — 

"Mean  depth.*' 
Feet 
Plain  cylindrical  egg-ended  boiler,  with  external 
flues  below  and  at  each  side,  but  no  ini^mal 

flues, 3-50' 

Cylindrical  boiler  with  external  flues,  and  one 

cylindrical  internal  flue, 1*65 

Cylindrical   boiler  with  external  flues,  and  two 

cylindrical  internal  flues, i-oo 

Stationary  boilers  according  to  Mr.  Bobert  Arm- 
strong's rules,.... 3*oo 

Multitubular  marine  boilers,  about 050 

Locomotive  boilers,  and  boilers  composed  of  water- 
tubes,  average  about cio 

Boilers  of  large  and  small  capacity  have  each  their  advantages. 
In  favour  of  laige  capacity  are,  steadiness  in  the  pressure  of  the 
steam,  ready  deposition  of  impurities,  space  for  the  collection  of  sedi- 
ment, freedom  from  priming.  In  favour  of  small  capacity  are, 
rapid  raising  of  the  steam  to  any  required  pressiu^,  small  surface 
for  waste  of  heat,  economy  of  space  and  weight  (which  are  of  special 
importance  on  board  ship),  greater  strength  with  a  given  quan- 
tity of  material,  smaller  damage  in  the  event  of  an  explosion. 

In  boilers  of  very  small  capacity  in  proportion  to  their  area  of 
heating  surface,  especially  those  competed  of  small  water-tubes,  it 
is  desirable,  and  in  some  cases  necessary,  to  work  with  distilled 
water,  in  order  to  avoid  the  priming,  the  choking  of  the  water- 
spaces  by  salt  or  sediment,  and  the  consequent  burning  of  the  iron, 
which  would  arise  from  the  use  of  water  containing  salt,  mud,  or 
other  impurities.  For  that  purpose  aur/ace  c(mdenacttion  must  be 
employed,  which  has  already  been  treated  of  to  a  certain  extent  in 
Article  222,  and  will  be  further  considered  in  the  sequeL  ^OglC 
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316.  F«e4    aad 

WmwKifu, — ^The  feed-pumps  are  worked  by  the  engine  itaelf  when  it  is 
in  motion ;  but  when  it  is  standing  still,  and  it  becomes  neceflsaiy 
to  feed  the  boiler,  they  are  driven  either  by  hand,  or  by  a  small 
auxiliary  engine  called  a  "Donkey,**  For  all  marine  boilers  of  con- 
siderable size,  a  donkey-engine  is  necessary;  and  it  is  used  not 
merely  to  feed  the  boiler,  but  to  drive  the  starting  and  revendng 
gear  of  the  valves  when  required,  and  perform  other  miscellaneous 
duties.     (As  to  Injectors,  see  page  477.) 

To  provide  for  leakage  of  water  and  steam,  priming,  blowing-oflEi 
and  loft)  by  the  safety  T^ves,  the  feed-pump  of  a  land  engine  should 
be  of  such  capacity  as  to  discharge  from  dovJble  to  two  cmd  OnhalJ 
times  the  net/eed-ioater  required  by  the  engine,  according  to 

Article  284,  Equation  10,  page  389, )  ^  ru.  ^^^ 
Article  287,  Equation  17,  page  401,  >^t^ 
or  Article  297,  Equation  12,  page  434,  )     °^^  *^- 

In  marine  engines,  a  further  addition  to  the  capacity  of  the  feed- 
pumps must  be  made,  to  provide  for  the  brine  which  is  blown  off  or 
pumped  out  Ordinary  sea-water  contains  about  $  t  of  its  weight  of 
salt  The  brine  in  the  boiler  should  never  be  allowed  to  rise  above 
^eble  that  strength ;  and  for  that  purpose  the  volume  of  brine  dis- 
charged should  be  equal  to  Tudf  tfie  volume  of  tJie  net  /eed-uxUer, 
But  it  is  better  still  to  provide  that  the  brine  in  the  boiler  shall 
never  rise  above  double  the  strength  of  ordinary  sea-water ;  and  for 
this  purpose  the  brine  discharged  should  be  equal  to  the/eed-toaier 
in  volume.  The  result  is,  that  the  discharging  capacity  of  the  feed- 
pumps of  a  marine  engine  is  made  equal  to  from  three  to/our  times 
the  volume  of  the  net/^d-water.  There  is,  besides,  a  duplicate  set  of 
^sed-pumps,  in  order  that  if  one  breaks  down  the  other  maj  be 
used. 

As  to  the  effeet  of  salt  in  water  on  its  boiling  point,  see  Article 
206,  Division  VIIL,  page  242. 

The  brine  is  discharged  at  a  temperature  on  an  average  140^  or 
I6(f  higher  than  that  at  which  the  feed-water  is  drawn  from  the 
hot-welL  In  order  that  the  apparatus  of  tubes  and  casing  already- 
mentioned  under  head  IX.  of  Article  305  may  act  with  the  greatest 
possible  efficiency  in  transferring  heat  fi'om  the  hot  brine  to  the 
feed-water,  it  appears,  by  the  application  of  equations  6  and  7  of 
Article  219,  that  the  suiface  of  the  tubes  should  amount  to  about 
f  jth  of  a  square  foot  per  lb.  of  brine  discharged  per  hour;  or  6^ 
square  feet  per  cubic  foot  of  brine  discharged  per  ?umr, 
^  It  may,  however,  be  sometimes  difficult  or  inconvenient  in  prao- 
tice  to  obtain  so  laige  a  sur&ce. 

317.  tefttf  T«iv«*— (See  also  Article  ll|i^|tGi8  conaid^ed 
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desirable  that  one  at  least  of  the  safety  valves  of  a  boiler  should  be 
loaded  directly,  and  not  through  the  medium  of  a  lever. 

In  stationary  endues  the  load,  whether  applied  through  a  lever  or 
to  the  valve  directly,  consists  usually  of  weights;  and  weights  are 
used  for  the  same  purpose  in  marine  engines  also.  In  locomptives, 
whose  oscillations  render  we%hts  inapplicable,  the  load  is  applied 
through  a  lever,  by  means  of  a  spiral  spring  contained  in  a  cylin- 
drical case,  like  that  of  the  indicator  (fig.  16,  page  47).  One  end 
of  the  spring  is  attached  to  the  boiler,  the  other  to  the  lever,  by 
means  of  a  rod  whose  effective  length  can  be  adjusted  by  a  screw 
and  nut;  an  index  pointing  to  a  scale  marked  on  the  case  shows 
the  tension  exerted  by  the  spring.  This  mode  of  loading  is  now 
firequently  adopted  for  the  valves  of  marine  boilers.  A  valve  may 
also  be  l<mded  directly  by  means  of  a  spring. 

Mr.  Nasmyth's  safety  valve  is  a  sphere,  and  has  a  load  hung  to 
it  inside  the  boiler,  Mr.  Eairbaim  loads  the  safety  valve  by  a 
weight  and  lever  inside  the  boiler.  Feed-uxUer  healers  (page  262) 
should  have  safety  valves  and  pressure  gauges. 

The  rules  followed  in  practice  for  the  size  of  the  orifice  of  a 
safety  valve  are  very  various.  That  given  by  Mr.  Bourne  is  equi- 
valent to  the  following: — Let  A  be  the  area  of  the  piston;  V,  its 
velocity  in  feet  per  mimde;  P,  the  excess  of  the  pressure  in  the 
boiler  above  that  of  the  atmosphei'e,  in  lbs.  on  the  square  inch. 
Let  a  be  the  required  area  of  the  safety  valve;  then 

"  =  ^*30?p''^'^y <^-> 

Another  mode  of  determining  the  size  of  the  orifice  has  reference  to 
the  rate  of  consumption  of  fuel,  and  consists  in  making 

a  in  square  inches  =  from  A  to  tit  of  the  number  of  lbs.  of  coal 

burned  per  hour (2.) 

This  rule  is  applicable  to  boilers  in  which  the  weight  of  water 
actually  evaporated  per  lb.  of  coal  is  about  6  lbs. ;  consequently  we 
may  substitute  for  it  the  following : — 

a  in  square  inches  =  from  tbtt  to  rkv  of  the  number  of 

lbs.  of  water  actually  evaporated  per  hour...f (3.) 

Another  rule  is 

a  =  I  sq.  inch  x  nominal  horse-power  (see  page  479),,.. (4.) 

As  to  the  outflow  of  steam,  see  page   298. 
318.  Steel  Beiicra. — Recent  improvements  in  the  manufacture  of 
steel  have  so  Ux  diminished  its  cost  as  to  render  it  commercially 

2h 
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available  as  a  material  for  boilers.  Its  tenacity  is  on  an  average 
about  1-6  times  that  of  iron;  and  hence,  by  its  use,  boilers  of  a 
given  strength  may  be  made  much  lighter  than  iron  boilem.  In 
the  steel  steamer,  "  Windsor  Castle,"  oonstructed  by  Messrs.  Gaird 
&  Ca,  the  shell  of  the  boiler  is  made  of  steel  plates,  with  steel 
rivets.  It  has  to  withstand  a  working  pressure  of  about  40  lbs.  on 
the  square  inch ;  while  its  thickness  is  only  iV  inch,  or  little  more 
than  I  of  the  thickness  of  an  iron  boiler  of  the  same  strength. 

319.  Pr^Tfaig  B«ii«n« — Before  any  boiler  is  used,  its  strength 
ou^t  to  be  tested  by  means  of  the  pressure  of  water,  forced  in  by 
pumps.  The  testing  pressure  (according  to  the  piinciples  of  Articles 
h^  and  60)  should  be  7u>t  less  than  daMe  the  working  presswrSy  and 
noi  more  Uyan  half  the  bursting  pressure;  that  is  to  say,  as  the 
bursting  pressure  should  be  six  times  the  working  pressure,  the 
testing  pressure  should  be  between  twice  and  three  times  the  work- 
ing pressure.  About  ttoo  and  a-halfiimes  the  working  pressure  is 
a  good  medium. 

In  everything  that  relates  to  the  strength  and  testing  <^  boilers, 
the  "pressure"  is  to  be  understood  to  mean  the  excess  of  the  pres- 
sure toithin  the  boiler  above  tJie  atmospheric  pressure,  as  in  Article 
294. 

The  pressure  of  water  is  to  be  used  in  testing  boilers,  because  of 
the  absence  of  danger  in  the  event  of  the  boiler  giving  way  to  it. 

320.  BxplMiMM  of  steam  boilers,  so  far  as  they  are  tmderstood, 
ari5$e  and  are  to  be  prevented  in  the  following  manner : — 

I.  From  original  weakness.  This  cause  is  to  be  obviated  by  due 
attention  to  the  laws  of  the  strength  of  materials  in  the  designing 
and  construction  of  the  boiler,  and  by  testing  it  properly  before  it 
is  subjected  to  steam  pressure. 

II.  From  weakness  produced  by  gradual  corrosion  of  the  ma- 
terial of  which  the  boiler  is  made.  This  is  to  be  obviated  by 
frequent  and  careful  inspection  of  the  boiler,  and  especially  of  the 
parts  exposed  to  the  direct  action  of  the  fire. 

IIL  From  wilful  or  accidental  obstruction  or  overloading  of  the 
saiety  valve.  This  is  to  be  obviated  by  so  constructing  safety 
valves  as  to  be  incapable  of  accidental  ol«truction,  and  by  placing 
at  least  one  safety  valve  on  each  boiler  beyond  the  control  of  the 
engineman. 

IV.  From  the  sudden  production  of  steam  of  a  pressure  greater 
than  the  boiler  can  bear,  in  a  quantity  greater  than  the  safety  vahre 
can  discharge.  There  is  much  difference  of  opinion  as  to  some  points 
of  detail  in  the  manner  in  which  this  phenomenon  is  produced ; 
but  there  can  be  no  doubt  that  its  primary  causes  are — first,  the 
overheating  of  a  portion*  of  the  plates  of  the  boiler  (being  in  most 
cases  that  portion  called  the  croum  of  the  furnace,  which  is  directly 
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over  the  fire),  so  that  a  store  of  heat  is  accumulated — and,  secondlj, 
the  sudden  contact  of  such  overheated  plates  with  water,  so  thai 
the  heat  stored  up  is  suddenly  expended  in  the  production  of  a 
large  quantity  of  steam  at  a  high  pressure.  Some  engineers  hold, 
that  no  portion  of  the  plates  can  thus  become  overiieated,  imless 
the  level  of  the  surface  of  the  water  sinks  so  low  as  to  leave  that 
portion  of  the  plates  above  it,  and  uncovered;  others  roaintain, 
with  M.  Boutigny,  that  when  a  metallic  sur&u^  is  heated  above  a 
certain  elevated  temperature,  water  is  prevented  from  actually 
touching  it  either  by  a  direct  repulsion,  or  by  a  film  or  layer  of 
very  dense  vapour;  and  that  when  this  has  once  taken  place,  the 
plate,  being  lefb  dry,  may  go  on  accumulating  heat  laid  rising  in 
temperature  for  an  indefinite  time,  until  some  agitation,  or  the 
intioduction  of  cold  water,  shall  produce  contact  between  the  water 
and  the  plate,  and  bring  about  an  explosion.  All  authorities, 
however,  are  agreed,  that  explosions  of  this  class  are  to  be  pre- 
vented by  the  following  means : — 1.  By  avoiding  the  forcing  of  the 
fires,  which  makes  the  boiler  produce  steam  faiister  than  tiie  rate 
suited  to  its  size  and  surfitce.  2.  By  a  regular,  constant,  and  suffi- 
cient supply  of  feed  water,  whether  regulated  by  a  self-acting 
apparatus,  or  by  the  attention  of  the  engineman  to  the  water 
gauge ;  and  3,  Should  the  plates  have  actually  become  overheated, 
by  abstaining  from  the  sudden  introduction  of  feed  water  (which 
would  inevitably  produce  an  explosion),  and  by  drawing  or  extin- 
guishing the  fires,  and  blowing  off  both  the  steam  and  the  water 
from  the  boiler. 

321.  Mmumwmk  Peyrif. — ^Boilers  are  liable  to  become  encrusted 
inside  with  a  haucd  deposit  of  the  minerals  contained  in  the  water, 
which,  by  resisting  the  conduction  of  heat^  impairs  at  once  the 
evaporative  power  of  the  boiler,  its  durability,  and  its  safety.  The 
deposition  (h  carbonate  of  lime  can  be  prevented  by  dissolving  sal- 
ammoniac  in  the  water;  for  that  salt  and  the  carbonate  of  lime 
are  mutually  decomposed,  producing  carbonate  of  ammonia  and 
chloride  of  calcium,  of  whidi  both  are  soluble  in  water^  and  tiie 
former  is  volatile.  The  deposition  of  sulphate  of  lime  can  be  pre- 
vented by  dissolving  carbonate  of  soda  in  the  water ;  the  products 
being  sulphate  of  soda  and  carbonate  of  lime,  of  which  the  former 
is  soluble,  and  the  latter  falls  down  in  grains,  and  does  not  adhere 
to  the  boiler.  The  most  efiectual  means  of  preventing  internal 
incrustation  are,  either  a  regular  system  of  blowing  off  the  water 
before  it  becomes  too  highly  charged  with  impurities,  like  that 
described  in  Article  316;  or  the  use  of  water  so  pure  as  to  yield 
no  deposit;  whether  such  water  be  obtained  from  a  natural  source, 
or  by  means  of  surfisu^  condensation.  igtized  by  GoOqIc 

A  peculiar  deposit  of  an  unctuous  nature  has  been  found  vo  dog 
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the  water  spaces  of  the  boilers  of  some  of  the  engines  in  which  snr- 
fiu)e  condensation  has  been  employed.  That  deposit  consists  of  the 
grease  or  oil  used  to  lubricate  the  cylinder,  partially  altered  and 
deoompoeed.  It  can  be  obviated  by  introducing  little  or  no  grease 
or  oil  into  the  cylinder;  and  to  make  that  practicable,  the  surface 
of  contact  between  the  packing  of  the  piston  and  the  interior  of  the 
cylinder  must  be  lubricated  with  water.  In  order  that  a  small 
quantity  of  water  may  remain  in  the  cylinder  in  the  liquid  state 
ror  that  purpose,  the  heating  of  the  steam,  whether  by  means  of  a 
superheating  apparatus  or  of  a  steam  jacket  round  the  cylinder, 
must  not  be  carried  so  far  as  whoUy  to  prevent  condensation  in  the 
cylinder.     Oh  this  point,  see  Article  286,  page  396. 

322.  An  Bzicnuii  €?nMi  of  a  carbonaceous  kind  is  often  deposited 
from  the  flame  and  smoke  of  the  furnaces  in  the  flues  and  tubes, 
and  if  alloTf ed  to  accumulate,  seriously  impairs  the  economy  of  fueL 
It  is  removed  from  time  to  time  by  means  of  scrapers  and  wire 
biiishea  The  accumulation  of  this  crust  is  the  probable  cause  of 
the  £gkct,  that  in  some  steam-ships  the  consumption  of  coal  per 
indicated  horse-power  per  hour  goes  on  gradually  increasing,  until 
it  reaches  one  and  a-half  its  original  amount,  and  sometimes  more. 
The  following  is  an  example  of  that  increase,  from  an  ocean  steamer 
of  great  size  and  power : — 

Coal  per  I.  H.-P^ 
per  hour. 
Lbft. 

On  trial  trip, 3.5 

On  1st  day  of  voyage, 3*6 

On  5th  day, 468 

On  11th  day, 4*55 

On  26th  day, 532 

On  30th  day, 584 

On  32d  day, 4*^5 

On  35th  day, 610 

The  increase  in  the  consumption  of  fuel,  although  not  absolutely 
continuous,  and  sometimes  even  reversed  to  a  small  extent,  is  still 
sufficiently  marked  to  prove  a  progressive  falling  off  in  the  efficiency 
of  the  furnace  and  boiler. 

323.  if«miMa  K«rM-i^wer  ^f  ■•»€». — ^Boilers,  especially  those 
of 'stationary  engines,  are  sometimes  stated  to  be  of  so  many  fwrae- 
pawer.  This  is,  in  feet,  a  conventional  mode  of  describing  the  dimen- 
eians  of  the  boiler,  according  to  an  arbitrary  rule.  The  rules 
employed  for  estimating  the  nominal  horse-power  of  boilers  have 
been  various,  and  most  of  them  vague  and  indefinite.  A  perfectly 
definite  rule,  however,  has  been  proposed  by  Mr.  Robert  Arrnstrong, 
as  being  founded  on  the  best  ordinary  practice,  viz. : — 
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Take  a  mean  prapartumal  between  tlte  area  o/tliefire  grate  in  equare 
feet,  and  ike  a/rea  of  the  effective  heating  surface  in  square  ya/rds. 

The  nominal  horse-power  of  the  boiler  is  generally  much  less 
than  the  indicated  horse-power  of  the  engine,  to  which  it  bears  no 
£xed  proportion. 

Section  2. — Eixmvplee  ofFwmacea  and  Boilers, 
324.  Wac«n  Bailor. — ^This  form  of  boiler,  which  is  suitable  for 
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Fig.  116. 

low  pressure  steam  only,  was  introduced  by 
Boulton  and  "Watt,  and  was  for  a  long  time 
the  most  generally  used  of  all  boilers.  A 
great  number  of  wagon  boilers  are  still  in 
use,  but  as  their  manufacture  has  been  almost, 
if  not  wholly,  given  up,  they  will  probably 
disappear  by  degrees. 

Fig.  116  is  a  longitudinal  section,  showing 
the  general  arrangement  of  the  principal 
appendages  of  the  boiler;  fig.  117  a  cross- 
section.      A   is  the  grate;  B,  the  boiler; 


Fig.  117. 
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C,  Cy  C,  C,  stay-rods;  D,  the  bridge ;  N,  N,  flues.  The  flame  or 
furnace  gas  proceeds  from  the  fumaoe  ov^  the  bridge,  and  bade- 
wards  along  the  flue  below  the  boiler;  it  returns  fcnrwards  along 
one  of  the  kteral  flues  N,  and  again  proceeds  backwards  along  the 
other  lateral  flue  to  the  chimney.  This  course  g£  the  hot  gas  is 
called  a  whed-dra/agkt.  In  the  figure  the  boiler  has  no  internal  flue ; 
sometimes  there  is  a  cylindrical  internal  flue,  along  which  the  hot 
gas  returns  forwards,  and  then  divides  into  two  currents,  which 
proceed  backwards  to  the  chimney  along  the  lateral  flues.  This  is 
called  a  eplU-^aughL 

W  and  S  are  water-gauge  cocks;  M,  the  man*hole;  I,  the  steam 
pipe;  V,  the  safety  valve;  F  is  the  stone  float,  partially  counter- 
poised, whose  rising  and  falling  r^ulates  the  valve  for  ihit  admis- 
sion of  the  feed-water.  The  column  of  water  in  the  vertioal  feed- 
pipe in  these  old  low-pressure  boilers  acts  as  a  pressure  gauge,  and  a 
float  on  the  surface  of  that  column  is  seen  to  be  conne^ed  by  a 
chain  over  a  pulley  with  the  damper,  whose  opening  it  regolatea 
.  325.  CxliMdbricai  Bsr>]iB4e4  Better. — This  boiler  consists  simply 
of  a  cylindrical  shell  with  hemispherical  ends. 
Its  figure  is  very  favourable  to  strength  and 
safety,  with  a  high  pressure;  but  it  requires 
great  length  as  compared  with  other  loilers 
to  give  sufficient  heating  surfaca  In  tlie  cross- 
section,  fig.  118,  A  is  the  grate,  occupying 
a  length  which  ought  not  to  exceed  about  six 
feet  under  the  front  end  of  the  boiler;  B,  the 
boiler;  D,  the  bridge,  made  concave  at  the 
Fi^.  118.  top  so  as  to  be  parallel  to  the  bottom  of  the 

boiler;  N,  N,  the  flues,  through  which  the  hot 
gas  forms  a  tohed-chrcmglu,  as  in  Article  324, 

This  boiler,  like  the  wagon 'boiler,  is  sometimes  made  with  an 
internal  flue,  by  which  the  deficiency  of  heating  surface  compared 
with  capacity  is  to  a  certain  extent  made  up. 

A  serious  defect  of  the  cylindrical  boiler  with  the  furnace  below 
it  is,  that  the  bottom  of  the  boiler  where  sediment  collects  is  the 
part  exposed  to  the  most  intense  heeA,  Unless,  therefore,  the  wat«* 
used  is  of  uncommon  purity,  the  bottom  of  the  boiler  is  liable  to 
bum.  Cylindrical  boilers  are  sometimes  made  without  lateral  flues ; 
the  hot  gas  flowing  straight  along  the  bottom  of  the  boiler  from  the 
furnace  to  the  chimney.  This  arrangement  is  called  a  ^  flash 
flue."  It  requires  a  greater  length  for  a  given  heating  surfiioe  than 
any  other  form  of  boUer. 

326.  Before  Better. — ^This  is  the  name  given  by  Messrs.  Dunn 
&  Hattersley  to  a  boiler  introduced  by  them,  in  order  to  obtain  the 
strength  of  the  cylindrical  egg-ended  boiler,  without  its  disadvan- 
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tagcs  in  point  of  compactness,  econoray  of  fuel,  and  durability.  It 
consists  of  a  number  of  small  cylindrical  egg-ended  sbellfl  laid  side 
by  side,  parallel  and  horizontally,  above  the  furnace  and  flues;  theiie 
contain  water  to  about  three-quarters  of  their  depth,  and  in  them 
the  boiling  takes  place;  they  all  communicate  upwards  with  ono 
long  cylindrical  egg-ended  shell  which  acts  as  a  steam  chest,  and 
below  with  another  which  serves  as  a  sediment  collector. 

327.  CjUmdriemi  B«iier  wUh  Hcstctv. — This  is  called  in  Britain 
the  "  French  boiler,"  from  being  much  used  in  France.  In  France 
it  is  called^'  chaudiere  k  bouilleurs!**    Fig.  119  shows  a  longitudi- 


nal section  of  the  furnace  and  flues,  and  aide  elevation  of  the  boiler; 
^g.  120  shows  a  cross- section  of  the  boiler,  furnace,  and  flues. 

A  is  the  main  boiler  shell,  cylindrical,  with  hemispherical  ends; 
B,  B,  the  heaters,  or  "  bouilleurs,"  being  horizontal  cylindrical 
shells  of  smaller  diameter  than  the  main  shell,  having  their  back- 
ward ends  hemispherical  or  segmental,  and  their  forward  ends 
closed  by  covers,  so  as  to  serve  as  "  mud-holes "  for  the  clean- 
sing out  of  sediment  when  required ;  *C  C  C,  C  C  C,  are  two  rows 
of  vertical  tubes,  which  connect  the  main  boiler  shell  with  the 
heaters.      D   is  a  hciizontul  brick  iiartition,  at  the  level  of  the 
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upper  halves  of  the  heaters;  £,  the  fumaoe;  F  (fig.  120),  tlis 
pMsage  oyer  the  bridge  fiom  the  fumaoe  to  the  flame-bed. 
The  space  above  the  horizontal  partition  D 
is  divided  by  two  parallel  brick  partitions, 
occupying  the  intervals  of  the  two  rows  of 
vertical  tubes,  into  three  parallel  flues,  H,G,  EL 
L  is  the  chimney ;  M,  the  damper ;  d  la  the 
glass  water-gauge  in  front  of  the  boiler.  Oa 
the  top  of  the  main  shell  are  seen  the  man- 
hole, safety  valves,  and  other  appendages.  la 
fig.  119,  at  the  back  of  the  furnace,  is  seen 
one  of  a  row  of  curved  passages,  opened  and 
closed  by  a  sliding  valve,  for  admitting  jets  of 
air  above  the  fuel  through  holes  in  the  front 
of  the  bridge ;  at  the  front  of  the  fumaoe  is 
seen  a  dead-plate. 

The  flame  and  hot  ma  pass  backwards 
through  F;  then  forwards  tluough  G;  then 
by    a   "split-draught,"   backwa^  through 
the  lateral  flues  H,  H;  and  then  to  the 
.   ^^^^_  chimney. 

iM^^Hly  This  boiler  is  considered  both  safe  and 

^  ^^H/  efficient      In   France  the  heaters  and  con- 

necting tubes  are  often  made  of  cast  iron ; 
in  Britain  that  material  Ib  considered  unsafe 
for  boilers. 

328.  Th«  €«niiflii  Boiler  in  its  simplest 
form  consists  of  a  horizontal  cylindrical  shell  B  (fig.  121),  with  an 
internal  cylindrical  flue,  whose  diameter  is  iStbs  of  that  of  the 
shell  or  thereabouts.  In  the  front  end  of 
that  flue  is  situated  the  internal  furnace, 
of  which  A  is  the  grate,  and  D  the  bridge. 
The  external  flues  may  be  arranged  either 
for  a  split -draught  or  a  wheel-draught. 
The  figure  shows  the  arrangement  for  a 
split-dmught  The  current  of  furnace  gas, 
after  having  passed  backwards  over  the 
bridge  and  cdong  the  internal  flue,  divides 
into  two  streams,  which  pass  forwards  along  the  side  flues  E,  £; 
then  those  streams  re-unite,  and  pass  backwards  along  the  bottom 
flue  F  to  the  chimney.  In  this  form  of  boiler  the  furnace  gas 
takes  a  descending  course,  of  which  the  advantages  have  been 
stated  in  Articles  220  and '313;  the  bottom  of  the  boiler,  where 
the  feed-water  first  mingles  with  the  rest,  and  where  deposit  tends 
to  setUe,  is  the  coolest  portion;   and  the  hottest  portion  (the 


tig,  120. 


Fig.  121. 
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crown  of  the  furnace)  is  near  the  sur&ce,  where  the  steam  is 
given  ofL  All  these  drdumstances  are  favouitible  to  durabilitj 
and  economy. 

The  crown  of  the  furnace,  and  a  portion  of  the  top  of  the  flue 
beyond  the  bridge,  are  sometimes  lined  with  a  brick  arch,  to  pre- 
yent  the  flame  fiom  beiog  cocked  and  extinguished  by  contact  with 
the  plates  of  the  boiler  before  the  combustion  of  the  coal  gas  is 
complete. 

The  part  of  the  internal  flue  behind  the  bridge  is  sometimes  made 
a  little  narrower  than  the  part  which  contains  the  furnace. 

Boilers  of  this  class  have  in  many  cases  given  way  by  the  collaps- 
ing of  the  internal  flue.  The  principles  upon  which  the  strength 
of  that  flue  depends,  discovered  by  Mr.  Fairbaim,  have  been 
explained  in  Article  67,  pages  70,  71. 

The  dotted  circle  C  represents  a  heater,  or  horizontal  water-tube, 
like  those  of  the  French  boiler,  which  is  sometimes  placed  within 
the  internal  flue  of  the  Cornish  boiler,  in  the  part  behind  the 
bridge.  It  is  connected  by  one  or  more  vefS^  water-tubes,  with 
the  water-space  at  the  bottom  of  the  main  boiler,  and  by  a  siphon- 
shaped  tube,  beyond  the  backward  end  of  the  main  boiler,  with  the 
steam-space  at  the  top. 

329.  CjUndriemi  l>oBUe-FnnMice  B^llcrw — A  CTOSS-section  of  a 
boiler  of  this  class  is  shown  in  &g.  122.  The 
boilerconsistsof  a  cylindrical  8heU,withapair  of 
similar  and  parallel  internal  flues,  whose  diame- 
ter is  1  vths  of  that  of  the  shell,  or  thereabouts. 
Each  of  these  flues  contains  in  its  front  end 
an  internal  furnace,  like  that  of  the'  Cornish 
boiler.  Those  furnaces  are  fired  alternately,  in  '  ^  ^^^ 
order  to  promote  complete  combustion,  as 
stated  in  Article  230,  page  282.  The  external  flues  form  either  a 
wheel-draught  (as  shown  in  fig.  122),  or  a  split- draught  (as  shown 
in  ^g.  121). 

In  one  form  of  this  boiler  the  two  internal  flues  run  pandlel  to 
each  other  from  end  to  end  of  the  boiler.  This  prevents  the  mixing 
of  the  gases  from  the  two  furnaces  until  they  have  been  considerably 
cooled;  and  to  remedy  that  defect,  in  some  boilers  a  series  of  trans- 
verse tubes  have  been  introduced,  at  and  near  the  bridges,  to  make 
an  early  communication  between  the  two  cun*ents  of  furnace  gas. 

In  another  form,  the  two  flues  unite  into  one  at  a  short  distance 
behind  the  bridges,  so  that  the  entire  combination  of  flues  has  a 
forked  shape.  The  combustion-chamber  where  the  flues  unite,  is 
sometimes  strengthened  against  collapsing  by  means  of  vertical 
water-tubes  traversing  it,  and  acting  as  hollow  pillars  or  struts,  to 
keep  the  top  and  bottom  asunder. 
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330.  CjUiidricml  l>Mi¥le-FBranc«  Tw^km%mr  B^Ocr. — ^ThlS  botler, 
introduced  by  Mr.  Fairbkim,  is  like  a  foi^ed-flne 
boiler,  in  whicb,  for  the  single  part  of  the  inter- 
nal flues,  is  substituted  a  set  of  pamliel  tabe& 
The  cross-section  of  the  two  furnaces  is  mniilar  to 
fig.  122.  Fig.  123  is  a  horizontal  section  of  the 
boiler.  A,  A,  are  the  grates;  B,  B,  dead-plates; 
D,  D,  bridges;  E,  mixing-chamber  or  flame-chamber; 
F,  F,  front  tube-plate;  G,  tubes;  H,  H,  back  tube- 
plate,  and  back^wd  end  of  boiler.  Aoooiding  to 
the  usual  proportions  of  this  boiler,  the  length  of  the 
tubes  is  about  one-half  of  the  total  length  of  ihte 

V    too        boiler.     It  has  external  flues,  like  the  boiler  of  the 

331.  Hutee  Flae  iuUot^  as  stated  in  Article  305,  are  of  a  shape 
approximating  to  rectangular,  with  the  comers  more  or  leas 
rounded,  and  the  top  more  or  less  arched :  strength  to  resist  inter- 
nal pressure  is  given  by  stays  and  riba  Each  boiler  usually  contain 
two  or  more  internal  furnaces,  ci  an  oblong  rectangular  shape,  often 
arched  at  the  top  also.  These  furnaces  stand  in  a  row  within  the 
boiler,  near  its  bottom.  The  bridges  are  sometimes  water-spaoes, 
but  are  more  generally  of  fire-brick.     The  remainder  of  the  interior 

•  of  the  boiler-shell,  up  to  within  about  ten  inches  or  a  foot  6f  the 
proper  water-level,  contains  a  set  of  flues,  of  a  form  of  section  nearly 
rectangular  with  rounded  comers.  One  of  thiese  flues  starts  from 
each  of  the  furnaces,  and  takes  a  winding  course  within  the  boiler, 
according  to  the  judgment  of  the  designer.  Finally,  all  the  flues 
unite  in  an  ascending  flue  called  the  ''uptake,"  which  leads  to  the 
chimney.  The  steam  chest  is  usually  a  rectangular  or  cylindrical 
box,  sometimes  with  a  hemispherical  dome,  enveloping  the  tipper 
part  of  the  uptake  and  lower  part  of  the  chimney,  so  that  the  steam 
may  be  dried,  and  in  some  cases  partially  superheated. 

The  variety  of  forms  and  arrangements  of  flues  in  marine  boilers 
is  such,  as  to  defy  classification.  One  of  the  most  remarkable  forms 
is  the  spiral  flue,  winding  round  a  vertical  axis  through  the  water- 
space  and  steam -space,  which  latter  ascends  to  a  considerable 
height,  in  order  to  dry  and  superheat  the  steam  efiectually:  an 
invention  of  Mr.  John  Elder.  The  chimneys  of  marine  boilers  are 
sometimes  made  to  lengthen  and  shorten  like  the  tube  of  a  tele- 
scope, so  that  they  can  be  lowered  when  the  vessel  is  going  under 
sail  only. 

332.  mtufmrn  Tabahw  ]i«u«n — The  general  arrangement  of  parts 
in  this  class  of  boilers  is  shown  in  fig.  1 24,  which  is  a  longitudinal 
section,  showing  one/ttmace,  with  its  flue,  tubes,  and  communica- 
tion with  the  uptake  and  chimney.     Any  required  number  of  aucb 
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furnaces,  aooording  to  the  breadth  of  the  boiler,  may  be  ranged  side 
by  side  within  the  boiler.  A,  A,  is  the  grate;  B,  the  dead-plate ; 
C,  the  adi-pit;  D,  the  bridge;  E,  the  rising  flue,  flame-chamber,  or 
"  back  uptake;"  F,  F,  F,  F,  the  tube-plates  and  tubes;  G,  G,  the 


Fig.  124. 

uptake,  haying  doors  in  front  for  the  removal  of  soot  and  other  dirt, 
and  for  access  to  the  tubes  to  cleanse  or  repair  them;  ^,  the 
chimney.  The  flgure  shows  a  few  of  the  stay-rods  within  the 
boiler. 

In  the  %ure,  the  tubes  are  represented  as  horizontal;  they  are 
often,  however,  made  to  have  a  slope,  parallel  or  neariy  paraUel  to 
that  €i  the  grate-bars.  The  height  from  the  furnace-crown  to  the 
lowest  row  of  tubes  should  be  siifficient  to  allow  the  space  between 
them  to  be  cleansed. 

The  most  usual  diameter  of  marine  boiler  tubes  is,  as  formerly 
mentioned  in  Article  305,  three  inches;  they  are  sometimes,  howevcv, 
used  of  smaller  diameters,  ranging  down  to  1^  inch  internal  dia- 
meter. 

333.  M^Hmckfid  ¥■■  —ofi  Boflgp>— This  has  already  been  mentioned 
in  Article  228,  page  279;  Article  230,  page  283;  and  in  Articles 
303, 304,  and  310,  pages  449, 450,  and  458.   Fig.  1 25  is  a  horizontal 
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section  of  a  double  famace  of  this  kind,  used  at  St  Rollox,  showing 
a  small  portion  of  the  boiler;  fig.  126  is  a  cross-section  of  the  fur- 
nace ;  fig.  127  a  cross-section  of  the  boiler  and  fluea  These  three 
figures  are  on  a  scale  of  tW  of  the  real  dimensions ;  A,  A,  are  the 


Fig.  127. 


Fig.  125. 


dead-plates;  B,  B,  the  grates;  C,  the  brick  partition  between  the 
two  grates  and  their  ash-pits;  D,  D,  air-spaces  in  the  brickwork  of 
the  sides  and  roof  of  the  furnace,  to  resist  the  conduction  of  heat; 
H,  flame-chamber,  tapering  so  as  to  join  the  internal  flue  £,  of  the 
boiler;  F,  F,  side  flues;  G,  bottom  flue. 

Fig.  128  is  a  longitudinal  section  of  a  mouthpiece  and  dead- 
plate,  showing  the  heap  of  dross  which  fucta  as  a  fire- 
door  (see  Article  310),  and  the  air-holes  in  the  thickness 
of  the  top  of  the  mouthpiece.  Fig.  129 
is  a  front  view  of  the  mouthpiece,  show- 
ing the  air-holes.  These  two  figiu^es  are 
on  a  scale  of  A  of  the  real  dimensions. 

In  some  of  the  boilers,  the  internal 
flue,  instead  of  traversing  the  boiler  from 
end  to  end,  is  of  a  T-shape  at  the  back- 
ward end,  the  two  branches  leading  into  the  two  side  flues  F,  F. 
In  others,  there  is  a  single  cylindrical  flue  for  half  the  length  of  the 
boiler,  and  a  set  of  tubes,  as  in  fig.  123,  page  474,  for  the  other 
half  of  the  length.  These  forms  of  flue  were  introduced  by  Mr. 
John  Tennent 

334.  miMreibuieMis  F«raM  mt  Boiler. — ^Various  kinds  of  boilers, 
presenting  great  diversities  of  form  and  arrangement,  have  already 
been  incidentally  mentioned  and  described  generally,  such  as  Mr. 
Craddock's  boiler  (Articles  303,  305,  313,  315).  With  reference 
to  this  boiler,  it  may  here  be  added,  that  the  vertical  water-tubea 
have  a  portion  slightly  curved,  in  order  that  when  expanded  by 


Fig.  128. 


Fig.  129. 
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heat,  they  may  yield  sideways,  and  not  strain  the  framework  of  the 
boiler.  The  Earl  of  Dundonald's  boiler,  mentioned  in  Article  234, 
Dxample  X.,  consists  of  a  sheU  like  that  of  a  marine  flue-boiler, 
but  somewhat  longer  and  lower.  Within  that  shell  are,  the  fur- 
nace, the  flame-chamber,  and  the  uptake,  all  at  the  same  or  nearly 
the  same  level.  The  flame  passes  from  the  tap  of  the  furnace  into 
the  top  of  the  flame-chamber,  which  is  traversed  by  a  great  number 
of  vertical  water-tubes :  from  the  bottom  of  this  chamber  the  hot 
gas  passes  into  the  uptake,  in  contact  with  which  is  a  steam  chest 
communicating  at  its  top  with  the  top  of  the  boiler.  At  the 
passage  of  communication  is  a  centrifugal  fan,  so  placed  as  to  throw 
the  spray  that  is  mixed  with  the  steam  back  into  the  boiler. 

Amongst  vertical  tube  boilers  may  be  mentioned  one  of  Mr. 
David  Napier*s,  which  has  been  used  to  some  extent  in  practice. 
The  shell  is  cylindrical  and  vertical,  with  a  hemispherical  top. 
Within  it  is  a  vertical  cylindrical  flame-chamber,  and  within  the 
flame-chamber  are  numerous  vertical  water-tubes,  communicating 
above  with  the  steam  space  at  the  top  of  the  boiler,  and  below 
with  a  flattened  hollow  disc,  or  "  pan,"  which  is  above  the  fire,  and 
is  connected  by  horizontal  tubes  with  the  surrounding  annular 
water  space. 

The  locomotive  boiler  will  be  illustrated  in  the  next  chapter. 

Addendum  to  Akticle  306,  Page  457. 

FnmacM  f«r  mineral  Oil.— To  adapt  the  famaco  of  a  Bteam-boiler  to  the  barn- 
Sng  of  mineral  oil,  it  is  lined  tbronghont  with  fire-briclc  4  or  6  inches  thick,  which  at 
once  protects  the  boiler-plates  and  maintains  a  temperature  high  enough  for  complete 
combustion.  The  oil  runs  from  a  closed  reservoir  at  a  rate  regulated  by  means  of  suit- 
able cocks  or  vahres  into  one  or  more  funnels,  from  which  it  is  conducted  into  the 
fnmaoe.  There  are  different  ways  of  introducing  the  oil  and  the  air  for  its  combustion 
Into  the  furnace;  but  in  every  case  it  is  essential  that  the  oil  should  be  in  a  state  of 
fine  division.  In  some  fhrnaces  the  oil  flows  in  by  gravity,  in  a  shower,  from  a  row 
of  small  orifices  in  the  front ;  and  below  these  is  a  fire-brick  grating,  through  which  the 
air  enters.  In  others  the  oil  is  blown  into  the  fnmaoe  in  Uie  state  of  spray,  by  means 
of  a  jet  of  highly  superheated  steam;  and  the  air  enters  through  orifices  surrounding 
the  iojecting  apparatus  (Aydon's  system). 

Addendum  to  Article  316,  Page  464. 

The  I^jectMT  for  feeding  boilers  (invented  by  Giffard)  is  in  fact  a  jet  pump  (Article 
187  A,  page  218),  hi  which  the  water  is  driven  by  a  jet  of  steam  taken  from  the  boiler 
that  is  fed.    The  ordinary  rule  for  finding  the  proper  sectional  area  for  the  narrowest 

partsof  the  Doz»leg  is  as  foUowi:-~For  square  toches,';';!;^^^'^''^"^,^^^ 

.  '  800  v^  pressure  in  atmospheres  ' 

^  J  -     .     ,     ,    .      cubic  feet  per  hour  grots  feed  water    ^ 

and  ibrcifciilar  inches, —7H7r-T~^- r—i z •   The  expenditure  of  steam 

^    630  V  pressure  in  atmospheres  ^wi.i'w.iMnuv  vt  oivum 

is  about  fourteen  times  the  volume  of  the  water  injected.  Digitized  by  GoOqIc 
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SficriOK  1. — Ofikt  Meckaniam  of  Steam  Engines  m  generoL 


335.  BastaM  CfcMMdk — All  steam  engines  may  be  divided  into 
two  great  classes^  according  as  they  are  or  are  not  provided  with 
apparatus  for  condensing  the  steam  at  a  pressure  lower  than  tlie 
atmospheric  pressure;  that  is  to  say,  with  a  low  presewre  condenter^ 
and  its  appendages.     These  classes  are— 

I.  Condensing,  or  lowpresswre  engines. 

II.  yon-condensing,  or  high  pressure  engines. 

The  difference  between  those  two  classes  of  engines,  in  so  far  as 
it  affects  the  efficiency  of  the  steam,  has  been  treated  of  already  in 
Article  280,  pages  381,  382,  383,  and  in  Article  289,  pages  410, 
411.  •  The  land  of  locomotive  mentioned  in  Artide  412,  which 
condenses  part  of  its  waste  steam  at  the  atmospheric  prepare, 
belongs  more  properly  to  the  second  dass  than  to  the  first. 

Engines  of  the  second  class  are  on  the  whole  less  economical 
of  fuel  than  those  of  the  first  class;  but  as  they  have  fewer  parts^ 
and  occupy  less  space,  they  are  much  used  where  simplicity  and 
compactness  are  considered  of  more  importance  than  economy  of 
fuel. 

A  second  mode  of  classing  steam  engines  is  founded  on  the  mode 
in  which  the  steam  acts  upon  the  piston,  and  is  as  follows : — 

I.  Single  acting  engines,  in  which  the  steam  perfcnnms  its  work 
by  its  action  on  one  side  of  the  piston  only. 

II.  Double  acting  engines,  in  which  the  steam  exerts  energy  on 
either  side  of  the  piston  alternately. 

III.  Rotatory  engines,  in  which  the  steam  drives  a  revolving 
piston  round. 

The  way  in  which  the  difference  between  single  and  double  act- 
ing engines  affects  the  calculation  of  the  power  has  already  been 
explained  in  Artide  43,  page  50,  and  referred  to  in  Artide  260, 
pages  333,  334,  Article  263,  page  339,  and  elsewhere. 

A  Udrd  mode  of  classification  distinguishes  engines  into — 
I.  Non-rotative,  in  which  no  continuous  rotation  is  produced,  as 
in  single  acting  pumping  engines,  steam  hammers,  and  direct  acting 
beetling  machines. 
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H;  Rotative  engines,  in  which  the  motion  is  finally  communi- 
cated to  a  continuously  rotating  shaft 

Rotative  engines  are  now  the  most  common.  Non-rofcativo 
engines  are  exceptional 

A  fourth  mode  of  classing  engines  is  foimded  on  their  purposes, 
as  follows : — 

L  StcUumary  engiTies,  such  as  those  used  for  pumping  water,  for 
driving  manufacturing  machinery,  <fec. 

II.  Portable  engines,  which  can  be  removed  from  place  to  place^ 
but  are  stationary  when  at  work. 

IIL  Marine  engines,  for  propelling  vessels. 

IV.  Locomotive  engines,  for^propefling  vehicles  on  land. 

Stationary  engines  exist  of  all  the  classes  belonging  to  the  three 
previous  modes  of  classification.  Portable  engines  are  usually  non- 
condensing,  to  save  space,  and  to  adapt  them  to  situations  where 
injection  water  cannot  be  obtained  in  sufficient  quantity.  Most  of 
them  are  also  double  acting  and  rotative.  Marine  engines  are  in 
general  condensing,  double  acting,  and  rotative.  Locomotive  engines 
are  almost  all  non-condensing,  and  all  double  acting  and  rotative. 

336.  N^miMa  H[*ne-p«wcr  is  a  conventional  mode  of  describing 
the  dimensions  of  a  steam  engine,  for  the  convenience  of  makers 
and  purchasers  of  engines,  and  bears  no  fixed  relation  to  indicaied 
or  to  effective  horse-power. 

The  mode  of  computing  nominal  horse-power,  established  amongst 
civil  manufacturers  of  steam  engines  by  the  practice  of  Messrs 
Boulton  and  Watt,  is  as  follows: — 

Assume  the  velocity  of  the  piston  to  be  128  feet  per  minute 
X  cube  root  of  length  of  stroke  in  feet ; 

Assume  the  mean  effective  pressure  to  be  7  Iba  on  the  square 
inch; 

Then  compute  the  horse-power  from  those  fictitious  data,  and  tho 
area  of  the  piston;  that  is  to  say, 


Nominal  H.-P.  =  7  x  128  x  */  stroke  in  feet 
X  area  of  piston  iu  square  inches  -r  33,000 

_  U  stroke  in  feet  x  area  piston  in  inches 
""  47  nearly 

^  \J  stroke  in  feet  x  diam.^  in  inches  .,  . 

60  ^  ^^ 

The  indicated  power  of  different  engines  usually  exceeds  the 
nominal  power  as  computed  by  the  above  rule  in  proportions  rang- 
ing from  1^  to  5. 

In  the  ride  established  by  the  Admiralty  for  computing  nominal 
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horse-power,  the  real  vdoeity  of  the  piHon  is  taken  into  account; 
but  the  fictUioui  effhctive  pressttre  of  7  lbs.  on  the  square  inch  is 
assumed ;  consequently^  by  the  Admiralty  rule, 

Nominal  H.-P.  =  velocity  of  piston  in  feet  per  minute 
X  area  of  piston  in  inches  x  7  -i-  33,000 
velocity  in  feet  per  min.  x  diam.*  in  inches  ,^v 

*  6000  ^^ 

The  indicated  power  of  marine  engines  ranges  from  once  to  three 
times,  and  is  on  an  average  about  ttoice  the  nominal  power  as  com- 
puted by  the  Admiralty  rule. 

Both  the  civil  rule  and  the  Admiralty  rule  for  computing  the 
power  of  engines  are  applicable  to  low  pressure  engines  alone.  For 
high  pressure  engines  there  is  a  customary  rule 'proposed  by  Mr. 
Bourne,  which  consists  in  assuming  the  effective  pressure  to  be  21 
lbs.  per  square  inch,  the  other  data  being  the  same  as  in  the  rule 
for  low  pressure  engines. 

337.  Bnnaieratton  mt  the  PrtodFid  Parts  mt  aa  Eagiae. — L   The 

boiler  and  cylinder  are  connected  by  means  of  the  steam  pipe,  in 
which  is  the  stop  valve,  already  mentioned  in  Article  305,  Divi- 
sion XL:  also,  the  thraUle  valve  or  regtdator,  for  adjusting  the 
opening  for  the  admission  of  steam  to  the  cylinder,  which  in  some 
engines  is  regulated  by  hand,  and  in  others  by  a  governor,  as  to 
which  see  Articles  55,  56,  page  63 :  also  page  551. 

II.  The  steam  pipe  contains  sometimes  also  the  cut-off  valve  or 
expa/nsiion  valve,  for  cutting  off  the  admission  of  the  steam  to  the 
cylinder  at  any  required  period  of  each  stroke  of  the  piston,  leaving 
the  remainder  of  the  stroke  to  be  performed  by  the  expansion  of 
the  steam  already  admitted. 

IIL  The  cylinder  may  be  single  or  double  acting.  In  a  single 
acting  engine,  the  piston  is  forced  in  one  direction  by  the  pressure 
of  the  steam,  and  made  to  return  in  the  opposite  direction  when 
the  steam  is  discharged  by  the  action  of  a  weight  or  counJterpoim, 
In  a  double  acting  engine,  the  piston  is  forced  in  either  direction 
by  the  pressure  of  the  steam  which  is  admitted  and  dischai^ged  at 
either  end  of  the  cylinder  alternately. 

IV.  The  admission  and  discharge  of  the  steam  take  place 
through  oi)ening8  near  the  ends  of  the  cylinder,  called  ports,  con- 
nected with  passages  called  nozzles,  which  are  opened  and  closed 
by  indtLction  and  edttction  valves.  Sometimes  the  induction  and 
eduction  valves  are  combined  in  one  valve,  called  a  dide  valve. 
The  valves  are  contained  in  the  valve-cJiest. 

V.  In  non-condensing  engines  (conventionally  called  high  pressure 
engines),  the  waste  steam  discharged  from  the  cylinder  escapes  into 
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the  atmosphere  through  the  blast  pipe;  in  locomotiye  engines,  as  well 
as  some  others,  the  blast  pipe  is  placed  in  the  centre  of  the  chimney, 
so  that  the  successive  blasts  of  steam  dischar^ied  from  it  augment 
the  draught  of  air  through  the  furnace,  and  cause  the  combustion 
of  the  fuel  to  be  more  or  less  rapid,  according  as  the  engine  is  per- 
forming more  or  less  work. 

VI.  The  cylinder  caver  has  in  it  a  ektffing-hox  for  the  passage  of 
the  piston  rod ;  in  large  engines  there  are  sometimes  more  than  one 
piston  rod  and  stuffing-box,  and  sometimes  a  tubular  piston  rod, 
called  a  trunk.  The  cylinder  cover  is  also  provided  with  a  greaee 
cock,  to  supply  the  piston  with  unguent 

YIL  In  many  large  engines,  there  is  a  spring  safety  valve, 
called  an  escape  valve,  at  each  end  of  the  cylinder;  the  chief  use  of 
which  is  to  discharge  water  which  may  condense  in  the  cylinder,  or 
be  carried  over  in  &e  liquid  state  from  the  boiler,  by  what  is  called 
priming, 

YIIX  To  prevent  condensation  in  the  cylinder,  it  is  sometimes 
enclosed  in  a  casing,  called  a  jacket,  the  intermediate  space  being 
filled  with  hot  steam  from  the  boiler,  or  hot  air  from  a  flue  (see 
Article  286). 

IX.  Outside  the  jacket,  to  prevent  loss  of  heat  externally,  there 
is  a  clothing  of  felt  and  wood. 

X.  DouJble  cylinder  engines  have  two  cylinders;  the  steam  being 
admitted  from  the  boiler  into  the  first  cylinder  and  then  filling  the 
second  by  expansion  from  the  first. 

XL  The  ordinary  condenser  is  a  steam  and  air-tight  vessel  of  any 
convenient  shape,  in  which  the  steam  discharged  from  the  cylinder 
is  liquefied  by  a  constant  shower  of  cold  water  from  the  rose-headed 
ir^ecHon  valve,     (As  to  the  Ejector-condenser,  see  page  552.) 

XII.  In  land  engines  the  injection  water  comes  from  a  tank  called 
the  cold  todl,  surrounding  the  condenser,  and  supplied  by  the  cold 
water  pump;  in  marine  engines,  it  comes  directly  from  the  sea. 

XIIL  In  the  swrface  condenser  the  steam  is  liquefied  by  being 
passed  through  tubes  or  other  narrow  passages  surrounded  by  cur- 
rents of  cold  water,  or  cold  air. 

XrV.  The  condenser  is  provided  with  Uow-through  valves,  com- 
municating with  the  cylinder,  usually  shut,  but  capable  of  being 
occasionally  opened,  and  with  a  snifting  valve  opening  outwards  to 
the  atmosphere;  through  these  valves  steam  can  be  blown  to  expel 
air  from  the  cylinder  and  condenser  before  the  engine  is  set  to 
work* 

X  Y.  The  condenser  has  also  a  vacuMn  gauge,  to  show  how  much 
the  pressure  in  it  fitlls  below  that  of  the  atmosphere  (see  Article 

^^i^PT?  "^' "^' P^)-    „       .      .      wized£,GooQl.e 

XYL   The  ¥rater,  the  small  portion  of  steam  which  remains 

2i 
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imoondensed,  and  the  air  which  may  be  mixed  with  it^  are  sucked 
from  the  condenser  by  the  air  pwmp,  and  discharged  into  the  hot 
ivelly  a  tank  from  whidi  the  feed  pump,  mentioned  in  Articles  305 
and  316,  draws  the  supply  of  water  from  the  boiler.  The  surplus 
water  of  the  hot  well  in  land  engines  is  discharged  into  a  pond, 
there  to  cool  and  form  a  stoi'e  of  water  for  the  cold  well;  in  marine 
engines,  it  is  ejected  into  the  sea. 

XYIL  In  all,  except  certain  peculiar  classes  of  engines,  there  is 
a  parallel  motion  for  guiding  the  head  of  the  piston  rod  to  move  in 
a  straight  line,  consisting  either  simply  of  straight  cheeks  or  guides^ 
or  of  a  combination  of  levers  and  linkwork,  invented  by  Watt,  and 
more  or  less  modified  by  others. 

XVIIL  The  peculiar  class  of  engines  above  excepted^  are— firsts 
tnmk  engines  (including  Mr.  Hunt's  Z  crank  engine),  where  the  stuff- 
ing-box is  the  guide;  secondly,  oedUaiting  engines,  in  which  the  head 
of  the  piston  rod  is  directly  coimected  with  the  crank,  and  the 
cylinder  oscillates  on  trunnions;  thirdly,  disc  engines,  in  which  the 
functions  of  a  cylinder  are  performed  by  a  vessel  of  the  figure  of  a 
spherical  zone,  and  those  of  a  piston  by  a  disc  having  a  motion  of 
nutation  in  that  zone;  and  fourthly,  rotatory  engines,  in  which  the 
piston  revolves  round  an  axi&  Trunk  engines  and  oscillatory 
engines  are  of  common  occurrence  in  steam-shipa  The  Z  orank 
engine  has  not  been  tried  on  a  large  scale.  Disc  engines  are  said 
to  answer  well,  but  are  of  rare  occuirence.  Botatory  engines  of 
various  kinds  have  been  often  tried,  but  seldom  with  good  results. 

XIX.  In  single  acting  engines  for  pumping  water,  the  pump 
rods  are  worked  either  by  direct  connection  with  the  piston  rod,  or 
through  the  intervention  of  a  beam. 

XX.  In  double  acting  engines,  the  power  is  communicated  to  a 
revolving  shaft,  driven  by  means  ci  a  erank  and  connecting  rod,  with 
or  without  the  intervention  of  a  beam,  (In  oscillating  engines  the 
piston  rod  and  connecting  rod  are  one). 

XXL  In  stationary  engines  the  BBsft  carries  &  fly-wheel,  to  dis- 
tribute and  equalize  inregularities  in  the  action  of  the  power  by  its 
inertia;  this  Unction  is  performed  in  marine  engines  by  the  inertia 
of  the  paddle-wheels  or  screw,  and,  in  locomotive  engines,  by  the 
inertia  of  the  driving-wheels  and  of  the  ^igine  itself. 

XXIL  The  feed  pump,  and  other  pumps  which  are  appendages  of 
the  engine,  are  worked  by  the  mechanism;  so  also  are  the  induction 
and  eduction  valves,  through  what  is  called  the  valve  gearing  or 
valve  motion — a  part  of  the  machinery  which  is  under  the  control  of 
the  engineman,  and  so  contrived  as  to  enable  him  to  stop  and 
reverse  the  motion  of  the  engines  at  will,  and  whose  forms  are  very 

338.  CMBkteMi  Kagtaea. — ^Most  marine  and  locomotive  engiiies, 
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and  many  stationaiy  engines,  Lave,  in  order  to  equalize  the  action 
of  the  power,  a  ftair  of  cranks  at  right  an^es  to  each  other,  driy€ii 
by  a  fakr  of  pistons  in  a  jpatr  of  cylindecs,  with  their  appandages; 
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and  are,  in  fact,  pair«  of  engines.  In  some  cases,  engines  arc  simi- 
larly combined  in  sets  of  three^  driving  three  cranks,  which  make 
equal  angles  with  each  other.  As  to  die  effect  of  these  combina- 
tions on  steadiness  of  motion,  see  Article  52,  page  60. 

339.  Parts  er  mm  ■■giiM  iiiMinitod. — Most  of  the  parts  enume- 
rated in  Article  387  are  illustrated  in  ^g»  130,  which  represents  a 
longitudinal  section  of  a  rotcOwe  dotMe-^tcHng  stationary  condens- 
ing (or  low-pressure)  stea/m  engine.  That  kind  of  engine  is 
selected  because  the  arrangement  of  its  parts  is  well  suited  for 
exhibiting  nearly  all  of  them  at  one  view.  Amongst  the  parts 
omitted,  for  want  of  room,  the  chief  are  the  beam  and  the  parallel 
motion,  which  will  be  illustrated  farther  on.  The  main-centre,  or 
axis  of  the  beam,  is  above  the  pillar  D,  and  its  two  ends  are  respeo- 
tivelj  above  the  cylinder  A  and  shaft  L. 

A  is  the  cylinder,  with  its  jacket,  but  without  clothing,  which  is 
a  defect  in  the  engine  represented. 

B,  the  piston,  with  three  metallic  packing-rings.  In  the  figure 
the  piston  is  supposed  to  be  moving  downwards,  pressed  by  the 
steam  which  is  entering  above  it. 

0,  the  piston  rod. 

D,  one  of  the  pillars  of  the  frame. 
a,  steam  pipe,  with  throttle  valve. 
h,  valve  chest. 

c,  slide  valve,  of  the  kind  called  a  "D-«?icfe,"  which  regulates  the 
*'  distribution*^  of  the  steam — ^that  is,  its  alternate  admission  and 
discharge  above  and  below  the  piston. 

dj  exhaust-pipe,  leading  into 

E,  the  condenser. 

g,  injection  cock,  admitting  a  shower  of  cold  water  from  the  cold 
well,  or  cold  water  tank,  into  the  condenser, 

H,  air  pump,  the  piston  of  which  in  the  figure  is  supposed  to  be 
descending. 

K,  Hot  well 

G,  connecting  rod,  in  the  act  of  rising. 

L,  shaft;  L  M,  crank;  M,  crank  pin,  in  the  act  of  right-handed 
rotation  (shnilar  to  that  of  the  hands  of  a  watch). 

N,  feed  pump,  drawing  water  from  the  hot  well  EL  In  the 
engine  represented,  the  supply  mpe  from  the  hot  well  to  the  feed 
pump  traverses  the  cold  wdL  That  is  a  fault;  for  it  tends  to  heat 
the  condensation  water,  and  cool  the  feed  water. 

P,  feed  pipe  of  the  boiler. 

Q,  cold  water  pump. 

R,  eccentric  rod,  which  receives  a  reciprocating  motion  from  an 
eccentric  wheel  on  the  shaft  L,  and  communicates  that  motion  to 
the  slid^  valve  c 
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S,  governor,  being  a  double  revolving  pendnlum  of  the  kind  men- 
tioned  in  Article  55,  page  63.  It  is  seen  to  act  on  a  small  lever 
whose  axis  turns  in  beaxings  fixed  to  the  pillar  D.  The  links  and 
intermediate  levers  by  which  the  motion  of  that  lever  is  communi- 
cated to  the  throttle  valve  are  not  shown^  their  arrangement  being 
a  matter  of  convenience. 

Section  2. — 0/ Steam  P<u»age8,  Valves,  and  Valve  Gearing. 


340.  mumsm  PaflMgM. — The  principle  which  ought  to  r^^ulate 
the  size  of  the  steam  pipe,  and  of  all  passages  bj  which  the  steam 
is  admiUed  to  the  cylinder,  has  already  been  stated  in  Article  290^ 
page  414,  viz.,  that  the  velocity  of  the  steam  should  not  be  greater 
than  100  feet  per  second,  or  6,000  feet  per  minute,  supposing  its 
density  to  be  the  same  in  the  steam  pipe  and  in  the  cylindw  during 
the  admission. 

To  permit  the  ready  escape  of  the  steam  during  the  back  stroke, 
the  esdiaust  pipe  should  be  of  at  least  double  the  area  of  the  steam 
pipe. 

For  the  sake  of  simplicity,  it  is  an  almost  universal  practice  to 
make  the  steam  enter  and  leave  a  given  end  of  the  cylinder  through 
the  same  port  Mr.  Joule  has  pointed  out  that  this  practice  tends 
to  the  waste  of  heat,  especially  with  high  rates  of  expansion; 
because  the  cool  expanded  steam,  in  escaping,  cools  the  metal  of 
the  port,  which  is  again  heated  at  the  expense  of  the  heat  of  the 
next  cylmderfiil  of  hot  steam  that  enters ;  and  all  the  heat  so  trans- 
ferred from  the  entering  to  the  escaping  steam  is  wasted.  Mr.  Joule 
therefore  recommends  the  xise  of  eepa/taJte  admieewn  amd  exha/ust 
ports. 

341.  ThrMtie  TaItc — ^When  the  throttle  valve  is  controlled  by 
a  governor,  it  is  usually  a  disc-and-pivot  valve  (as  to  which,  see 
Article  119,  page  123,  and  fig.  40,  page  140,  XJ,  V);  because  that 
valve  is  easily  moved. 

A  throttle  valve  to  be  controlled  by  hand  may  be  a  disc-and- 
pivot  valve,  or  an  ordinary  slide  valve  moved  by  a  screw  (Article 
120,  page  124),  or  a  rotating  slide  valve  (Article  120,  page  125),  or 
a  com<^  valve  moved  by  a  screw  (Article  121,  pages  125,  126). 
The  last  named  form  of  throttle  valve  is  now  much  used  in  locomo- 
tive engines,  and  will  be  illustrated  in  a  subsequent  Article. 

342.  ceaicui  wmd  DMibie  b«qc  Taivc*.  —  In  Watt's  earlier 
engines,  conical  valves  with  vertical  spindles  (Article  112,  page 
118)  were  used  to  regulate  the  distribution  of  the  steam.  Now 
doulle  heat  valves  (Article  116,  pages  121,  122,  figs.  33,  34)  are 
used  in  all  cases  in  which  the  slide  valve  is  not  employed.jQQ[^ 

In  a  single  acting  engine,  there  are  three  such  valves,  viz.^ — 
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L  The  fAeami  valve,  whicli  opens  at  the  b^inning  of  the  forward 
stroke  to  admit  steam  to  drive  the  piston,  and  closes  to  cut  off  the 
steam  at  the  proper  instant 

IL  The  equilibrium  valve,  which  is  closed  daring  the  forward 
stroke,  and  open  during  the  return  stroke,  the  expanded  steam 
being  then  transferred  through  it  from  the  one  end  o£  the  cylinder 
to  the  other. 

IIL  The  eduction  valve,  which  is  closed  during  the  return  stroke, 
and  open  during  the  forward  stroke,  to  let  the  steam  in  front  of 
the  piston  escape  to  the  condenser. 

In  a  double  acting  engine,  there  are  four  valves,  one  pair  for 
eadk  end  of  the  cylinder,  and  each  of  these  pairs  consists  of— 

L  A  wlecmh  valve,  opening  at  the  b^;inning  of  each  fnrward 
stroke,  and  closing  to  cut  off  the  steam  at  the  proper  instant. 

II.  An  editction  valve,  closed  during  the  rorward  stroke,  and 
open  during  the  return  stroke,  to  let  the  steam  escape  to  the  con- 
denser. 

343.  Pias  B««  aad  Vanp«t»^ — ^The  motions  of  ocmical  and  double 
beat  valves,  in  single  acting  en^es,  and  in  some  double  acting 
engines  also,  are  produced  by  means  of  a  ''plug  rod,*^  which  hangs 
vertically  frt)m  the  beam  of  ^e  engine,  near  the  cylLader,  and  rises 
and  fiklls  vertically  along  with  the  piston.  From  its  sides,  suitably 
formed  pins  and  bars  project,  whose  positions  can  be  adjusted  by 
screws;  and  these  projecting  pieces,  striking  levers  at  o^rtain 
instants  in  the  course  of  each  stroke,  produce  the  reqxiired  motion 
of  the  valves. 

In  single  acting  engines,  the  exhaust  valve  and  the  steam  valve 
are  not  opened  directly  by  the  action  of  the  plug  rod,  but  by  a 
piece  of  mechanism  called  the  ''  cataract,"  of  the  nature  of  a  pump 
brake,  already  referred  to  in  Article  50,  page  58.  It  consists 
principally  of  a  small  loaded  piston,  moving  in  a  vertical  cylinder 
which  contains  water  or  oiL  At  the  end  of  the  forward  stroke  of 
the  engine,  a  pin  projecting  from  the  plug  rod  lifts  the  cataract 
piston.  That  piston,  on  being  set  free,  descends  with  a  speed  which 
is  determined  by  the  degree  of  opening  of  the  regulating  cock 
through  which  the  liquid  below  it  is  discharged ;  and  towwls  the 
end  of  its  descent  it  acts  successively  upon  two  catches  which 
liberate  weights  that  in  their  descent  open  the  exhaust  valve  and 
the  steam  valve.  Thus,  by  vaiying  the  opening  of  the  regulating 
cock  of  the  cataract,  the  engine  can  be  caused  to  make  more  or 
fewer  strokes  per  minute. 

The  arrangement  of  the  valve  motions  of  single  acting  engines 
may  be  varied  in  its  detail.  One  of  its  forms  will  be  illustrated  in 
a  subsequent  Articla 

344.  8Udo  TaMwem,  on  account  of  the  simplicity  of  their  action. 
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and  smoothness  of  their  motion,  are  almost  nniversally  employed 
in  Europe  for  the  distribution  of  the  steam  in  double  acting  engines. 

The  9&al  of  a  steam  engine  slide  valve  consists  usually  of  a  very 
accurate  plane  surface,  in  which  are  oblong  openings  or  'ports. 
These  are  at  least  two  in  number;  one  communicating  with  each 
end  of  the  cylinder.  The  seat  of  the  short  slide  valve  has  a  third, 
or  exkamst  port,  between  the  first  two,  which  is  the  passage  for  the 
escape  of  the  exhaust  steam.  In  some  special  forms  of  engine 
the  ports  are  more  numerous  stilL 

The  long  slide  valve,  or  D-slide,  represented  by  c  in  fig.  130,  and 
by  figs.  131,  132,  and  133,  might  also  be  classed  as  a  sort  of  hollow 


Fig.  181. 


Fig.  182. 


Fig.  133. 


or  tubular  piston  valve;  for  the  back  of  the  valve,  which  is  semi- 
cylindrical,  is  made  to  move  stefim-tight  at  its  top  and  bottom  in 
the  semi-cylindrical  valve  chest,  by  means  of  two  half-rings  of 
metallic  packing. 

Fig.  131  shows  a  vertical  section  of  the  valve,  separate  from  the 
valve  chest  and  cylinder,  c,  c,  are  the  two  portions  of  which  its 
plane  face  consists :  at  its  back  near  the  top  and  bottom  are  seen 
sections  of  the  packing  half-rings.  The  valve  rod  is  shown  passing 
down  through  the  tubular  interior  of  the  valve,  and  attached  to  a 
cross  bar  at  the  bottom.  This  bar  is  flat  and  thin,  and  placed  with 
its  breadth  vertical,  so  as  to  contract  as  little  as  possible  the  passage 
through  the  interior  of  the  valve.  Figs.  132  and  133  are  vertical 
sections  of  the  cylinder,  valve  chest,  and  valve.  The  steam  is 
admitted  through  the  steam  pipe  and  throttle  valve  to  the  middle 
part  of  the  valve  chest,  which  surrounds  the  tubular  part  of  the 
valve.  The  two  ends  of  the  valve  chest  communicate  with  the 
condenser,  the  lower  end  directly,  and  the  upper  eiucL  through  the 
interior  of  the  tubular  part  of  the  valve.         Digitized  by  tjOOgfC 
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In  fig.  133,  the  valve  is  in  its  highed  position :  the  middle  part 
of  the  valve  chest  communicates  with  the  tap  of  the  cylinder, 
admitting  steam  to  drive  the  piston  downward;  the  hoUom  of  the 
cylinder  communicates  with  the  bottom  of  the  valve  chesty  and  so 
with  the  condenser. 

In  fig.  132,  the  valve  is  in  its  lowest  position :  the  middle  part  of 
the  valve  chest  communicates  with  the  bottom  of  the  cylinder, 
admitting  steam  to  drive  the  piston  upuxard:  the  top  of  the 
cylinder  communicates  with  the  top  of  the  valve  chest,  and  thence 
through  the  tubular  interior  of  the  valve,  with  the  condenser. 

The  short  dide  valve  is  represented  in 
figs.  134,  135, 136, 137,  and  138.  Fig. 

134  is  a  longitudinal  section  of  the 
valve  and  its  seat.  The  cylinder  is 
supposed  to  be  vertical :  d  is  the  slide 
valve;  a  the  upper  and  c  the  lower 
cylinder  port ;  6  the  exhaust  port, 
leading  sideways  to  the  condenser,  or 
to  the  air,  according  as  the  engine  is 
condensing  or  non- condensing.     F^. 

135  is  a  £ront  view  of  the  valve  seat 
and  ports;  fig.  136,  the  face  of  the 
valve.  The  steam  is  admitted  from 
the  boiler  into  the  valve  chest,  round 
and  behind  the  valve.  In  fig.  134,  the 
valve  is  in  its  middle  position,  and 
both  the  cylinder  ports  are  closed.  In 
fig.  138,  the  valve  is  depressed  so  £ur 
below  its  middle  position  as  to  open 
the  upper  port  for  the  admiHsion  of 
steam  above  the  piston ;  while  at  the 

same  time  the  lower  port  is  connected  through  the  interior  of  the 
valve  with  the  exhaust  port,  so  as  to  allow  the  steam  from  below 
the  piston  to  escape  as  the  piston  descends.  In  fig.  137,  the  valve 
is  raised  so  high  above  its  middle  position  as  to  open  the  lower 
port  for  the  admission  of  steam  below  the  piston;  while  at  the 
same  time  the  upper  port  is  connected  through  the  interior  of  the 
valve  with  the  exhaust  port,  so  as  to  allow  the  steam  firom  above 
the  piston  to  escape  as  the  piston  rises. 

The  short  slide  valve  is  pressed  againstits  seat,  and  the  joint  between 
it  and  its  seat  kept  steam-tight,  by  the  excess  of  the  pressure  of  the 
steam  in  the  valve  chest  behind  the  valve,  which  comes  from  the 
boiler,  above  the  pressure  of  the  steam  in  the  interior  of  the  valve, 
which  communicates  with  the  condenser  or  with  the  atmosphere,  aa 
the  case  may  be.  Cnif^n]c> 

•^  Digitized  by  VjOOQIC 
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In  large  engines,  the  amonnt  of  that  difference  of  pressure,  over 
the  whole  area  of  the  face  of  the  yalye,  would  be  unneoeasanly  grea^ 


Fig.  188.  Fig.  187. 

causing  too  much  work  to  be  lost  in  overcoming  friction.  To 
diminish  its  amount  is  the  object  of  the  contrivance  called  the 
equilibrium  slide  valve,  in  which  the  interior  of  the  back  of  the 
T^ve  chest  is  a  true  plane,  parallel  to  that  of  the  valve  seat;  and 
the  back  of  the  valve  is  provided  with  a  flat  brass  packing-ring, 
which  is  pressed  against  the  back  of  the  valve  chest  by  springs. 
The  amount  of  the  pressure  of  the  valve  against  its  seat  due  to 
the  pressure  of  the  steam  from  behind,  is  the  product  of  the  inten- 
sity of  that  pressure  into  the  excess  of  the  area  of  the  face  of 
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the  valve  above  the  area  of  the  packing-ring  at  its  back,  and  may- 
be reduced  to  any  required  amount,  how  small  soever,  by  nmViTig 
that  ring  large  enough. 

345.  Bcceairic— It  is  obvious  that  to  produce  the  proper  distri- 
bution of  the  steam  by  a  slide  valve,  whether  long  or  short,  the 
valve  must  have  a  reciprocating  motion  of  such  a  nature  as 
to  bring  it  to  the  ends  of  its  stroke,  being  its  greatest  distances 
£rom  its  middle  position,  at  periods  intermediate  between  those  at 
which  the  piston  reaches  the  ends  of  its  stroke.  The  eccentric  e 
(fig.  139),  which  is  used  to  give  that  motion,  is  a  circular  diac  car- 
ried by  Uie  shaft,  with  whose  axis  the  centre  of  the  disc  does  not 


Fig.  189. 


coincide.  It  is  equivalent  to  a  crank  whose  length  is  equal  to  the 
eccentric  radius;  that  is,  the  line  joining  the  centre  of  the  disc  and 
the  axis  of  the  shaft ;  and  being  encircled  with  a  hoop,  6,  at  one  end  of 
the  eccentric  rod,  a,  it  gives  to  that  rod  a  reciprocating  motion 
whose  length  of  stroke  is  the  double  of  the  eccentric  radius.  The 
eccentric  rod  is  either  directly  jointed  to  the  slide  valve  rod,  or  con- 
nected with  it  by  any  convenient  combination  of  levers  and  link- 
work.  One  such  arrangement  is  shown  in  figs.  137  and  138,  of 
Article  394,  where  c  is  the  piston  rod;  I,  the  connecting  rod;  k,  the 
crank;  m,  the  eccentric;  n,  the  eccentric  rod;  o,  p,  levers;  |> «,  a 
link ;  h,  the  slide  valve  rod. 

The  notch  opposite  the  letter  a,  in  fig.  189,  is  the  gah  of  the 
eccentric  rod,  by  which  it  holds  a  pin  on  the  end  of  the  lever  that 
is  directly  driven  by  it  (as  o,  figs.  137,  138).  By  means  of  a 
handle  on  the  end  of  the  eccentric  rod,  the  gab  and  pin  can  be  dis- 
eng^ed  and  re-engaged,  so  as  to  throw  the  valve  motion  "ot«<  of 
geariTig"  and  'Hnto  gecuring^'^  and  thus  make  the  slide/vah;e  stop  and 
resume  its  motion  when  required.  ^^'^^^  '^  ^^DOg 
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In  many  engines  a  different  contrivance  is  used,  called  the  '^link 
motion,**  to  be  afterwards  described. 

346.  H«Tcnia«  br  the  M^—we  Eccentric— To  reverse  the  direction 
of  rotation  of  the  shaft  of  a  steam  engine,  the  piston  must  be  made 
to  come  to  rest  and  then  to  move  the  reverse  way,  before  complet- 
ing a  Btax>ke,  and  the  eccentric  mnst  assume  that  position  relatively 
to  the  crank  which  is  proper  for  working  the  sliae  valve  when  the 
rotation  of  the  shaft  is  reversed.  That  position  (or  the  position  of 
backward  gear)  is  somewhat  less  than  half  a  circumference  &om  the 
position  of/ortjoard  gear,  measured  round  the  shaft  in  the  direction 
offorvxvrd  rotation.  To  bring  the  eccentric,  therefore,  into  back- 
ward gear,  it  is  sufficient  to  cause  it  first  to  stand  still  while  the  shaft 
nearly  finishes  the  first  half-turn  backwards,  and  then  to  accom- 
pany the  shaft  in  its  rotation. 

In  most  stationary  engines,  and  many  marine  engines,  those 
objects  are  efifected  by  having  the  eccentric  loose  on  tl^  shaft,  and 
so  oounterpoised,  that  its  centre  of  gravity  shall  be  in  the  axis  of 
the  shaft;  but  prevented  from  turning  completely  round  by  means 
of  two  shoulders,  one  of  which  holds  it  in  the  position  of  forward 
gear^  and  the  other  in  that  of  backward  gear;  care  being  taken  that 
the  motion  of  the  loose  eccentric  round  the  shaft  shall  be  fortoards 
to  go  from  forward  into  backward  gear,  and  bcuJeuxmle  to  go  from 
backward  into  forward  gear. 

To  reverse  an  engine  with  a  loose  eccentric,  the  gab  is  to  be  dis- 
engaged from  its  pin  and  the  slide  valve  shifted  by  hand  if  neces- 
sary. When  the  shaft  has  made  port  of  a  turn  backwards  the  gab 
is  to  be  re-engaged. 

For  example, '  in  fig.  137,  the  piston  is  rising,  and  the  shaft 
turning  toward  the  right.  To  reverse  that  rotation  the  gab  is  dis- 
engaged, and  the  slide  valve  shifted  into  the  position  shown  in 
hg,  138;  BO  that  steam  from  the  boiler  being  admitted  to  press  on 
the  top  of  the  piston,  brings  it  to  rest  before  it  has  completed  its 
up  stroke,  and  then  drives  it  downwards,  so  as  to  make  the  shaft 
rotate  towards  the  left.  During  the  left-handed  rotation  the  eccen- 
tric stands  still  until  it  is  in  ^e  position  of  backward  gear :  then 
the  gab  is  re-engaged  with  its  pin,  the  slide  valve  resumes  its 
motion,  and  the  left-handed  I'otation  goes  on  till  the  engine  is 
stopped,  or  reversed  again  by  the  same  process. 

According  to  a  mode  of  reversing  by  the  loose  eccentric,  used  by 
Messrs.  Eaudolph,  Elder,  &  Co.,  the  eccentric,  instead  of  standing 
still  till  the  engine  has  turned  back,  is  made  by  a  combination  of 
wheelwork,  to  overtake  or  outrun  the  shaft  while  the  engine  is 
moving  forward,  until  it  reaches  the  position  of  reverse  gearing; 
and  the  reversal  of  the  motion  of  the  engine  follows,   y  GoOQ 

347.   Ijead  aDd  liap— Expanalen  by  tke  Slide  Talre. — ^The  l^d  of 
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the  centre  of  the  dide  is  tlie  distance  to  which  it  has  passed  beyond 
the  middle  of  its  stroke  at  the  instant  when  the  piston  arrives  at 
either  end  of  its  stroke. 

The  lead  of  the  indudionredge  of  the  slide  is  the  extent  to  which 
the  port  is  open  for  admission  of  steam  at  the  same  instant 

The  amount  of  the  lead  of  the  centre  of  the  slide  maj  be 
measured  and  expressed  in  three  ways,  viz. : — 

L  In  absolute  measure,  such  as  inches. 

IL  By  the  proportion  of  the  absolute  lead  to  the  half-throw  of 
the  slide  valve.     This  may  be  called  the  ralio  of  lead. 

IIL  By  the  angle  at  which  the  eccentric  radius  stands  in  advance 
of  the  position  which  it  would  require  to  have  relatively  to  the 
crank,  in  order  to  make  the  middle  position  of  the  side  valve  occur 
at  the  same  instant  with  the  end  of  the  piston  stroke.  This  may 
be  called  the  angle  of  lead. 

When  a  loose  eccentric  has  no  lead,  its  positions  of  forward  and 
backward  gear  are  half  a  circumference  apart  When  it  has  lead, 
the  angle  between  those  positions  is  half  a  circumference  less  twice 
the  angle  of  lead. 

If  the  eccentric  rod  is  so  long  relatively  to  the  eccentric 
radius,  that  the  effect  of  its  varying  obliquities  on  the  positions  of 
the  points  it  connects  may  be  neglected  in  practice,  the  following 
equation  is  sensibly  accurate : — 

Rali4>  of  lead  ofcetUre  =  sine  oi  angle  of  lead; (1.) 

and  in  other  cases  the  same  equation  always  gives  at  least  an 
approximation  to  the  truth. 

The  angle  of  lead  may  be  stated  either  in  degrees,  or  as  a  frac- 
tion of  a  revolution. 

The  ^,  or  cover,  of  a  slide  valve  at  one  of  its  edges  is  the  extent 
to  which  that  edge  overlaps  the  adjoining  edge  of  the  port  which 
it  covers  when  ^e  slide  valve  is  in  its  mid<&e  position*  In  fig. 
134  of  Article  344,  the  slide  valve  has  a  very  small  and  nearly 
equal  extent  of  lap  at  each  of  its  four  edges. 
Fig.  140  is  a  section  of  the  lower  half  of  a  verti- 
cal slide  valve  and  its  port  having  a  greater  extent 
of  lap;  W  is  the  lower  port  of  a  cylinder;  X,  the 
lower  half  of  the  slide  valve,  in  its  middle  posi- 
tion; XT  is  the  induction  side,  and  Y  the  eduo- 
tion  side  of  the  port;  C  is  the  induction  edge,  and 
P  the  eduction  edge  of  the  valve;  XTC  isihe  lap 
on  the  induction  side,  and  V  P  the  lap  on  the  eduetion  side. 
Lead  ofUi^  induction-edge  of  the  valve  =  lead  of  centre  -  lap ;  (1  a.) 
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and  this  is  what  is  meant  when  *'  lead  **  is  spoken  of  without  quali- 
fication. 

The  lap,  like  the  lead,  may  be  expressed  in  three  ways,  viz. : — 

L  In  absolute  measure,  as  inches. 

11.  By  its  proportion  to  the  half-throw  of  the  slide  valve,  which 
may  be  called  the  rcUio  of  lap, 

ILL  By  the  angle  through  which  the  eccentric  must  turn,  in 
order  to  shift  the  valve  from  its  middle  position  until  the  edge  of 
the  valve  whose  lap  is  considered  touches  the  edge  of  the  port — 
this  may  be  called  the  angle  of  lap. 

When  the  obliqtdty  of  the  eccentric  rod  may  be  neglected,  we 
have,  sensibly, 


raiio  o/lap  =  sine  of  angle  of  lap.. 


.(2.) 


The  use  of  the  lead  and  lap  of  the  slide  valve  is  to  admit  the 
steam,  cut  off  the  admission,  and  cut  off  the  exhaust,  at  given 
instants  of  the  stroke  of  the  piston,  and  so  to  produce  expansive 
working  with  a  given  ratio  of  expansion,  and  to  compress  or 
cushion  a  given  proportion  of  the  expanded  steam  at  the  end  of  the 
return  stroke. 

Wlym  the  Miquity  of  the  confMcting  rod,  as  well  as  that  of  the 
eccentric  rod,  may  he  neglectedy  the  foUowing  are  methods  by  which 
the  proper  lead  and  lap  of  the  slide  valve  in  any  case  may  be 
detennined : — 

Fntsrr  Method  : — ^By  graphic  construction.  About  a  centre  O 
describe  a  circle  D  E  F  I,  and  draw  two 
diameters  at  right  angles  to  each  other, 
3DF,  el  Consider  DT  as  represent- 
ing the  stroke  of  the  piston;  and  K I 
(though  on  a  different  scale),  the  throw 
of  the  slide  valve ;  and  let  motion  of  the 
piston  from  D  to  F  be  considered  as  a 
forward  stroke. 

It  is  sometimes  considered  desirable 
to  begin  the  admission  of  steam  a  little 
before  the  end  of  the  return  stroke.  If 
so,  let  Q  represent  the  point  of  the 
return  stroke  where  the  admission  is  to  begin.  If  the  admission 
and  the  forward  stroke  are'  to  begin  together,  Q  will  coincide 
withD. 

Let  R  be  the  point  of  the  forward  stroke  where  the  steam  is  to  be 
ciUoff. 

Let  T  be  the  point  of  the  return  stroke  where  compression  or 
cushioning  is  to  b^^  by  cutting  off  the  exhaust     As  to  the  prin- 
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dples  which  determine  that  point,  see  Article  291,  Division  UI., 
page  420.  These  being  the  data,  the  solution  consists  of  two  part^, 
as  follows : — 

I.  To  find  the  omgle  ofUady  and  the  lap  on  the  induction  tide: — 
Draw  Q  A,  B  G,  perpendicular  to  D  F,  cutting  the  circle  in  A,  G ; 
measure  or  bisect  the  arc  A  G;  from  E  lay  off  the  equal  arcs  £  B, 

EH,  each  =  ^^^;  join  B  H,  which  will  be  parallel  to  D  F. 

Then 

Theaiigleofl€ad  =  .^AOB  =  .^GOH; (3.) 

Lap  on  the  induction  side  __  Q^  /^  \ 

half-throw  X)"E '^ 

IL  To  find  the  lap  on  the  eduction  side  amd  the  point  o/rdease : — 
Draw  T  M  perpendicular  to  D  F,  cutting  the  circle  in  M,  from 
which  lay  off  the  arc  M  N  =  arc  A  B.  Draw  N  L  parallel  to  D  F, 
cutting  O I  in  P;  then 

Lap  on  the  eduction  side  ^  Q  F /^  \ 

half-throw  "^OE" ^  '' 

from  L  layoff  the  arc  LK  =  ai€  AB,  and  from  K  let  fall  KS 
perpendicular  to  D  F;  then  will  S  represent  the  point  of  release 
during  the  forward  strt^e  of  the  pston,  where  the  valve  begins  to 
open  on  the  eduction  side.  As  to  the  effect  of  releaae,  see  Article 
291,  Division  IV.,  page  421. 

Second  Method: — ^By  trigonometrical  calculation. 
Data: —  Advance  of  admission    1^Q=  j. 


RB&nnuTB:— • 


Stroke  of  piston         DF     9 

ER     1. 
Batio  of  actual  cut-off  =  g=|;  =  ?' 

Batio  of  cushioning  = =  -i 

Half-throw  of  slide  valve,  0  E, 

Let  angle  of  lead  =  a; 


Digitized  by  VjOOQIC 


(6.) 
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angle  of  lap  on  induction  side,  =  h'; 
angle  of  lap  on  eduction  side,  =6";  then 

a-6'  =  co8-'(l  — ?);  a  +  6'  =  cos-^(? -l); 

a  +  6''  =  cos->  (l-^); 

in  computing  which  three  arcs,  it  is  to  be  remembered  that  a  Tiega- 
tive  cosine  corresponds  to  an  obtuse  angle.  This  being  done,  we 
have — 

^Ja+l>')  +  (a-I>r  y=(«+^7-(«-V=(.+5-)-a;(7.) 

and  also, 

lap  on  induction  side,  O  C  =  O  E  •  sin  6'; )  ^^  v 

lap  on  eduction  side,  OP^ssOE'sinft";  J  "*** 

Fraction  of  stroke  at  which  release  occurs,   . 

UF    l+cos(a  — 5")  ,Q. 

DP=  2  ^^^ 

When  it  is  necessary  to  take  into  accou/nt  the  obliquity  of  the  con- 
necting  rod  and  of  the  eccentric  rod,  use  one  or  other  of  the  forgoing 
approximate  methods  to  fjid  the  angle  of  lead.  Then  make  an 
accurate  skeleton  drawing,  on  a  sufficiently  large  scale,  showing,  in 
the  first  place,  the  crank  in  a  series  of  equidistant  angular  positions. 
The  lead  being  known,  will  enable  the  corresponding  positions  of  the 
eccentric  radius  to  be  laid  down.  Draw  the  centre  Une  of  the  pis- 
ton rod,  and  that  of  the  slide  tbIvc  rod,  upon  which,  hy  means  of 
the  known  lengths  of  the  connecting  rod,  eccentric  rod,  and  other 
intermediate  pieces  of  the  mechanism,  lay  down  the  positions  of  th^ 
piston,  and  or  the  slide  valve  corresponding  to  the  given  series  of 
positions  of  the  crank  and  eccentric.  The  number  of  positions  em- 
ployed is  usually  from  twelve  to  twenty-four,  and  they  are  num- 
bered on  the  drawing  in  their  order  of  succession. 

Then  draw  to  the  same  scale  a  diagram  in  the  following  manner  (G^. 
142) : — Draw  a  paur  of  rectangular  axes  D  F,  E  I,  bisecting  each 
other  in  O.  Make  OD  ^OP  =  the  half  stroke  of  the  piston,  and 
OE  =  OT=the  half-ihiow  of  the  slide  valve.  On  D  F,  which 
represents  the  strc^e  of  the  piston,  mark  points  oorrespcmding  to  the 
series  of  successive  positions  of  tiie  piston  found  by  means  of  the 
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akdeton  drawing ;  and  from  those  points  laj  off  ordinates  parallel 
to  £  I^  upwards  or  downwards  as  the  case  may  be  (such  as  A  f^ 


Fig.  142. 

TM,  &c),  representipg  the  corresponding  successive  distances  of  the 
slide  yalve  from  its  middle  position,  as  shown  by  the  skeleton  draw- 
ing. Through  the  ends  of  these  ordinates  sketdi  a  cui-ve  M  A  G  K, 
which  will  be  an  oval,  approaching  more  or  less  nearly  to  an  elliptic 
figure,  inscribed  in  the  rectangle  whose  axes  are  D  F,  £  L 

Then  mark  the  required  points  of  cut-off  R,  and  commencement 
of  cushioning  T;  draw  the  ordinates  R  G^  T  M^  perpendicular  to 
D  F,  cutting  the  oval  in  G,  M.     Then 


The  required  lap  on  the  induction  side  = 
,,  ,,        eduction  side 


Further,  draw  G  A  and  M  K  paraUel  to  D  F,  cutting  the  oval  in 
A  and  K,  from  which  points  let  fall  on  D  F  the  perpendiculars 
A  Q.  K  S.  Then  will  Q  be  the  point  of  the  stroke  at  which  the 
admission  begins,  and  S  the  point  of  release.  (See  Clark  On  Bail- 
xjoay  McuHdnery;  Zeuner^s  Schteherateuerungen ;  Eankine's  Rul» 
and  TahleSj  page  298;  Rankine  On  Shipbuilding^  page  281.) 

Sometimes  in  the  vertical  cylinders  of  marine  engines,  the  lap  of 
the  slide  valve  on  the  induction  side  is  made  Idss  for  the  lower 
than  for  the  upper  port  The  effect  of  this  is  to  cut  off  the  steam 
later,  and  to  nave  a  less  ratio  of  expansion,  and  a  greater  meaa 
effective  pressure,  during  the  up  stroke  than  during  the  down 
stroke.  The  object  is  to  equalize  the  energy  exerted  on  the  crank 
during  the  up  and  down  strokes;  and  to  attain  that  object  per- 
fectly, the  difference  of  the  mean  effective  pressures,  multiplied  by 
the  area  of  the  piston,  should  be  equal  to  twice  the  weight  of  the 
piston,  piston  rod,  and  connecting  rod,  which  weight  assists  the 
down  stroke,  and  opposes  the  up  stroke. 

348.  The  litok  bi^Omi,  which  was  first  used  in  the  locomotive 
engines  of  Mr.  Robert  Stephenson,  is  an  arrangement  of  slide  valve 
gear  for  reversing  engines,  and  varying  the  rate  o^^^expansion  tX 


LINK  MOTIOV.  497 

wilL  Its  general  arraDgemeDt  is  represonted  in  the.  sketchy  fig. 
143.  In  subRequent  figures  it  will  be  shown  in  its  plaoe  in  loco- 
motive and  marine  engines. 

F  is  the  forward  eccentric, 
and  F  the  hadcwa/rd  eccentric, 
being  a  pair  of  eccentrics  fioced 
on  uie  shaft  in  the  positioh 
suitable  for  working  llie  slide 
valve  during  forward  and  back- 
ward motion  of  the  engine  re-  _ 
spectively.  The  angle  between  pig^  143, 
the  two  eccentric  radii  is  the 
supplement  of  tujice  the  angle  of  lead.  O'  is  the  forward  eccentric 
rod;  G  the  backward  eccentric  rod.  The  ends  of  those  rods  are 
jointed  to  the  two  ends  of  a  piece  b  b\  called  the  linky  containing  a 
slot,  in  which  a  stud  or  slider,  on  the  end  of  the  slide  valve  rod  a, 
is  capable  of  shifting  into  different  positions;  eg  isa  rod  by  which 
the  link  hangs.  In  some  cases  the  centre  e  is  fixed,  and  the  valve 
rod  is  jointed,  so  that  the  slider  on  it-s  end  can  be  moved  to  different 
positions  in  the  link ;  and  then  the  figure  of  the  link  is  an  arc  of  a 
circle,  whose  radius  is  the  length  of  the  shifting  portion  of  the 
valve  rod.  In  other  cases  (of  which  the  figure  is  an  example),  the 
centre  e  is  capable  of  being  shifted,  so  as  to  move  the  link  into 
different  positions  while  the  valve  rod  is  at  rest  laterally;  and  then 
the  figure  of  the  link  is  an  arc  of  a  circle  whose  radius  is  equal  to  the 
effective  length  of  each  eccentric  rod.  In  Mr.  Allan's  form  of  the 
link  motion,  half  of  the  shifting  is  produced  by  moving  the  link  in 
one  direction,  and  the  other  half  by  moving  the  stud  of  the  valve 
rod  in  the  opposite  direction;  and  in  that  form  the  link  is  sti-aight. 
The  link  motion  is  very  much  varied  in  its  details  by  different 
locomotive  and  marine  engineers. 

In  the  figure,  the  link  hangs  by  the  rod  eg  from  one  arm  of  the 
lever  edn,  balanced  by  a  counterpoise  on  the  opposite  arm.  dc  is 
a  transverse  arm,  connected  by  a  rod  cf  with  the  reversing  Iiandle 
of  the  engine,  which  acts  by  means  of  a  lever,  or  of  a  screw. 

In  the  figure,  the  motion  of  the  slide  valve  is  produced  by  the 
action  of  the  forward  eccentric  alone,  and  the  engine  is  said  to  be 
in  full  fortaard  gear.  The  steam  is  cut  off  at  a  pouit  depending 
on  the  lap,  the  lead  of  the  forward  eccentric,  and  a  throw  equal 
to  twice  the  eccentric  radius. 

When  the  link  is  shifted  so  that  the  stud  of  the  valve  rod  is  at 
the  opposite  end  6  of  the  link,  the  motion  of  the  valve  is  produced 
by  the  action  of  the  backwaid  eccentric  alone,  and  the  engine  is 
said  to  be  in  full  backward  gear.  The  steam  is  cut  off 
depending  on  the  kp,  lead,  and  throw,  as  before.  ^^^^"^  ^^ 
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For  any  intermediate  relative  position  of  the  link  and  stud,  ^o 
motion  d  the  slide  yalve  is  produced  by  the  joint  action  of  the 
forward  and  backward  eocentrics,  according  to  a  law  which  may  be 
approximately  represented  as  follows : — at  any  given  instant^  let  t?' 
be  the  velocity  which  the  valves  would  receive  if  in  full  forward 
gearing,  t/*  the  velocity  which  it  would  receive  if  in  fiill  backward 
gearing;  and  let  velocities  in  contrary  directions  be  distinguished 
as  positive  and  n^ative;  also  let  P  be  the  distance  of  the  stud 
from  the  forward  end,  and  T  its  distance  &om  the  backward  end 
of  the  link;  then  the  actual  velocity  of  the  valve  at  the  given 
instant  is 

^=-r+^ ^^^ 

To  find  eocxustLy  the  motions  of  the  slide  valve  produced  by 
different  relative  positions  of  the  link  and  stud, ,  a  skeleton 
drawing  of  the  mechanism  is  to  be  made  on  a  sufficiently  large 
scale,  as  in  the  process  described  in  the  last  Article.  (See 
authorities  there  cited;  also  Bankine  on  MacJiviery,  page 
253.) 

A  useful  approximation  to  the  motions  of  the  valve 
when  the  stud  is  in  any  given  position  relatively  to  the 
link,  is  as  follows : — Liet  O  represent  the  centre  of  the 
shafib,  O  F  the  forward  eccentric  radius,  O  B  the  back- 
ward eccentric  radius;  and  let  LO  be  a  straight  line 
parallel  to  F  B.  In  fiill  forward  gearing,  the  half4hrow 
is  O  F,  and  the  angle  of  lead  .^  L  O  F;  and  on  these 
and  the  lap  the  distribution  of  the  steam  dependF. 
Connect  the  points  F  and  B  by  a  circular  aro  of 
^,  -.       F  B  X  length  of  eccentric  rod 

the  radius,  ^ ^—-ri — ft^-t ,    and   can- 

Fig.  144.  2  ^  length  of  hnk  ' 

vex  or  concave  towards  O,  according  as  the  rods  are 
crossed  or  uncrossed  when  the  two  eccentrics  are  turned  towards 
the  link;  and  make  the  end  S  of  the  virtual  eccentric  raditts 
divide  that  arc  in  the  same  ratio  in  which  the  slider  divides 
the  link.  Then  the  motion  of  the  slide-valve  will  be  nearly 
that  corresponding  to  an  eccentric  radius  OS;  that  is,  to  the 
half-travel  O  S  and  angle  of  lead  .^^ii  L  O  Q,  This  construc- 
tion appears  to  have  been  first  published  by  Mr.  M^Farlane 
Gray  in  his  Geometrt/  qf  Hie  Slide- Vcdve  A  nearly  similar 
construction,  with  a  parabolic  instead  of  a  circular  arc,  is  demon- 
strated in  Dr.  Zeuner's  Schiebersteuerungen, 

349.  EzpaaaiMi  TaKv  wiik  Cubs. — A  separate  expansion  valve 
is  often  used,  especially  in  large  marine  engines,  consisting  of  a 
double-beat  valve  (Article  116,  page  121),  whose  spindle  is  hung 
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from  one  arm  of  a  lever.  Another  arm  of  the  lever  has  a  roller  at 
its  end,  npon  which  a  suitably  shaped  cam,  turning  with  the  engine 
shaft,  acts  so  as  to  lift  the  valve  twice  in  each  revolution,  hold  it 
open  duiing  the  proper  period  for  the  admission  of  the  steam,  and 
then  let  it  close.  A  series  of  such  cams,  suited  to  produce  different 
i-ates  of  expansion,  are  fixed  side  by  side  on  the  shaft,  and  the 
lever  arm  which  carries  the  roller  is  so  made  that  it  can  be  shifted 
sideways,  and  brought  into  gearing  with  that  cam  which  produces 
the  proper  rate  of  expansion.  In  some  cases  the  rate  of  expansion 
is  adjusted  by  a  single  cam,  shifting  endways  along  a  screw-shaped- 
part  of  the  shaft  under  the  action  of  the  governor. 

350.  MxwmmmUm  siMe  t«1tc — ^A  separate  slide  valve 
is  sometimes  used  to  cut  off  the  steam  at  an  early  period 
of  the  stroke,  worked  by  an  eccentric  loUhotit  lead,  so 
that  this  expansion  slide  valve  is  always  at  its  middle 
position  when  the  piston  is  at  either  end  of  its  stroke. 
A  longitudinal  section  of  part  of  such  a  valve  is  shown 
in  £g.  145.  A,  A,  are  oblong  ports  in  the  plate  which 
forms  the  valve  seat,  and  which  is  usually  the  back  of 
the  valve  chest  of  the  ordinary  slide  valve.  B,  B,  are 
oblong  ports  of  the  same  size  and  figure  with  A  A,  in  the 
sliding  plate  which  forms  the  valve.  The  valve  might  jw  145 
be  made  with  only  a  single  opening  B,  corresponding  to 
a  single  port  A;  but  to  give  ample  area  for  the  passage  of  the 
steam,  there  are  usually  several  such  openings  and  ports;  whence 
the  valve  is  called  a  '*  gridiron  valve.'*  When  the  valve  is  in  i\s 
middle  position  (and  tiie  piston  at  one  end  of  its  stroke),  the 
openings  B  are  exactly  opposite  to  the  ports  A,  which  are  then 
*'JuU  open,''*  So  soon  as  the  valve  has  moved  in  either  direction  to 
a  distance  from  its  middle  position  equal  to  the  breadth  of  one  of 
its  openings,  the  ports  are  ail  closed,  and  the  steam  cut  off! 

This  valve  is  suited  for  cutting  off  the  steam  at  a  very  early 
I)eriod  of  the  stroke  only.  The  point  of  cut-off  being  given,  the 
following  are  the  processes  for  finding  the  requisite  proportion  of 
breadth  o/openinga  to  half-throw. 

F1B8T  MjeraoD: — By  graphic  construction  (fig. 
146\  About  a  centre  O,  describe  a  quadrant  of  a 
circle  D  E;  and  let  the  radius  O  D  represent  the 
half 'Stroke  of  the  piston.  Draw  the  radius  O  G  to 
represent  the  position  of  the  crank  at  which  the 
steam  is  to  be  cut  off.  From  G  draw  G  R  perpen- 
dicular to  D  O.  Then  Fig.  146. 
Breadth  of  openings  _  B.Qt           ^^       ^^  \ 


Half-throw  of  valve     O  E  9^'^^^ 
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SSOOND  Mrhod:— By  calculation.     Let  ratio  of  actual  cat-off 

TSTl     1 

--^s^  s  -f ;  theiii  if  the  oonnectingrodiBlougcompared  with  the  cranky 

Breadth  of  openings     .  /    (.     (.      2y ) 
Half-ttrow  of  valve -'V    t^'V^r'/   j  ^^> 

A  peculiarity  of  this  valve  is  that  it  rwpen»  its  ports  at  a  point  of 
the  piston  stroke  as  fax  distant  from  the  end  as  E  is  from  tJie 
b^;inning;  therefore  it  cannot  be  used  except  in  combination  with 
a  common  slide  valve^  so  adjusted  as  to  cut  off  the  steam  before 
the  reopening  of  the  ports  of  the  gridiron  expansion  valve.  For 
example^  if  the  expansion  valve  cuts  off  at  0*2  of  the  stroke,  the 
common  slide  valve  must  cut  off  at  or  before  0*8  of  the  stroke. 

The  rate  of  expansion  may  be  varied  by  varying  the  throw  of 
the  expansion  valve.  In  some  engines,  the  seat  of  the  expansion 
slide  valve  is  formed  by  the  back  of  the  ordinaiy  slide  valve, 
which,  instead  of  admitting  the  steam  past  its  outer  edges,  has 
jxyiis  through  it  like  the  openings  in  a  gridiron  valve,  and  the 
expansion  slide  valve  is  worked  by  an  independent  eccentric,  so  as 
to  close  those  ports  at  the  proper  instants.     (See  page  550.) 

The  ''  gridiron"  form  is  sometimes  adapted  to  the  ordinary  slide 
valve  in  very  large  engines — that  is  to  say,  each  end  of  the  cylinder 
has  two  parallel  ports,  and  the  valve  is  formed  so  as  to  connect  the 
two  ports  belonging  to  one  end  of  the  cylinder  at  the  same  time, 
with  the  valve  chest  and  the  eduction  port  alternately. 

351.  unable  Bc«t  Talv«s  W«rkc4  hj  Bccenirica. — In  the  engines 
of  American  steamera  double  beat  valves  are  extensively  used,  driven 
by  means  of  eccentrics.  There  are  usually  separate  eccentrics  for 
the  induction  and  eduction  valves.  Each  eccentric,  through  a  rod 
and  lever,  causes  a  rocking  shaft  to  vibrate  to  and  firo;  the  rocking 
shaft  carries  cams,  which,  by  acting  on  ban  and  levers,  lift  and 
lower  the  valves  at  the  proper  times.  Each  cam  is  so  shaped  as  to 
give  a  very  gentle  motion  to  the  valve  when  it  is  nearly  in  contact 
with  its  seat,  and  a  rapid  motion  during  other  parts  of  its  stroke,  so 
that  the  port  is  opened  and  closed  quickly,  and  at  the  same  time 
without  shock     (Corliss  Valves;  see  page  550.) 

Section  3. — OfCylinden  and  Pistons, 

352.  c#Mm«a  CjUmdtn. — Cylinders  are  made  of  the  toughest  cast 
iron  that  can  be  obtained.  The  thickness  required  for  the  sake  of 
mere  tenacity,  to  resist  the  internal  pressure,  might  be  calculated 
fi'om  the  principles  stated  in  Article  62,  pages  67,  68,  allowing  six 
as  a  factor  of  safety;  but  in  order  that  the  cylinder  may  posseaa 
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tBat  stiffiiess  which  is  necessaiy  to  enable  it  to  preserve  its  figure 
with  great  accuracy,  it  must  be  made  many  times  thicker  tha^  is 
necessary  for  mere  strength.  The  actual  factors  of  safety  of  the 
cylinders  of  steam  engines,  as  they  occur  in  practice,  range  from  30 
to  40. 

The  bottom  of  a  cylinder  is  sometimes  cast  in  One  pieee  with  it, 
sometimes  bolted  on.  The  cylinder  cover  is  bolted  on.  Care  must 
be  taken  that  the  bolts  have  -sufficient  strength  to  withstand  the 
pressure.  The  bottoms  and  covers  of  large  cylinders  are  often  made 
of  the  form  of  a  s^ment  of  a  sphere  of  lai^e  radius — in  which  case 
the  two  sides  of  Qie  piston  are  made  of  the  same  figure,  in  order 
that  space  may  not  be  lost  in  clearance. 

The  effect  of  the  jacket  has  already  been  fully  considered.  The 
jacket  ought  to  envelop  not  merely  the  body  of  the  cylinder,  but 
at  least  one  end  also,  and,  if  possible,  both  ends.  Whether  the 
cylinder  is  jacketed  or  not,  it  should  always  be  clothed  (Article  337, 
Division  IX.) 

353.  In  i»«nble  Cylinder  BngiBcs,  the  attempt  should  be  made  so 
to  proportion  the  cylinders  to  each  other,  that  the  steam  shall  per-  " 
form  half  its  work  in  the  small  cylinder  and  half  in  the  large.  In 
most  actual  engines  two-thirds  of  the  work  are  performed  in  the 
small  cylinder.  The  following  are  some  of  the  arrangements  of 
double  cylinder  engines : — 

L-  The  earliest  arrangement  of  double  cylinders  was  WoolTs,  in 
which  the  smaller  or  high  pressure  cylinder,  and  the  larger  or  low 
pressure  cylinder  stand  side  by  side  under  the  same  end  of  a  beam, 
and  their  pistons  move  in  the  same  direction  at  the  same  time.  In 
this  arrangement  the  steam  passes  from  either  end  of  the  small 
cylinder  to  the  opposite  end  of  the  lai^e  cylinder. 

II.  In  Mr.  M*Naught's  engine  the  cylinders  are  under  opposite 
ends  of  a  beam,  their  pistons  move  opposite  ways,  and  the  steam 
passes  from  either  end  of  the  small  cylinder  to  the  nearest  end  of 
the  large  cylinder. 

III.  In  Mr.  Elder's  marine  engine  the  lai*ge  and  small  cylinders 
lie  side  by  side  in  close  contact,  sloping  at  an  angle  of  45°;  their 
pistons  move  opposite  ways  at  the  same  time,  and  drive  cranks 
which  project  in  opposite  directions  from  the  shafb,  with  a  view  to  the 
reduction  of  the  pressures  on  the  bearings  of  the  shafb,  and  the  con- 
sequent friction,  to  the  smallest  amount  possible  with  two  cylin- 
ders. A  similar  pair  of  cylinders,  sloping  the  opposite  way  at  the 
same  angle,  act  on  the  same  pair  of  cranks. 

IV.  In  Mr.  Craddock's  engine  the  large  and  small  cylinders  are 
side  by  side,  and  their  pistons  move  for  the  greater  part  of  thcdr 
course  in  opposite  directions,  and  drive  a  pair  of  nea/rly  opposite 
cranks.     In  order  to  facilitate  the  passing  of  the  dead  points  with 
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onlj  one  pair  of  cylinders,  the  stroke  of  the  small  cylinder  is  made 
somewhat  in  ctdvcmce  of  that  of  the  large  cylinder;  the  effect  of 
-which  is  that  the  steam,  after  having  been  expanded  until  it  fills 
the  small  cylinder,  is  not  immediately  admitted  into  the  laige 
cylinder,  but  is  first  re-compressed  to  a  certain  extent  in  the  fODfdl 
cylinder,  and  then  admitted  into  the  large  cylinder  to  expand. 
The  ultimate  expansion  is  exactly  the  same  as  if  the  strokes  of  ihe 
cylinders  were  simultaneous,  and  so  also  is  the  efficiency,  provided  no 
waste  of  heat  by  conduction  takes  place  during  the  temporary  com* 
pression  of  the  steam.  Mr.  Oraddock  proposes  to  carry  the  advance 
of  the  stroke  of  the  small  piston^  in  some  cases,  as  fiir  as  a  quarter 
of  a  revolution;  but  it  appears  from  experiment  that  a  less  angle  of 
^vance,  such  as  one-sixth  or  one-twelfUi  of  a  revolution,  is  sufficient 
to  enable  the  dead  points  to  be  easily  passed ;  and  it  is  not  desirable 
to  carry  the  advance  beyond  what  is  necessary  for  that  purpose, 
because  of  the  derangement  which  it  produces  in  the  action  of  the 
steam  when  the  motion  of  the  engine  is  reversed. 

354.  The  CMCMrtrie  Mr  Vaplex  Cyitedcr  of  Mr.  David  Bowan, 
consists  of  a  smaller  cylinder,  into  which  the  steam  is  first 
admitted  and  begins  its  expansion,  contained  within  and  concen- 
tric with  a  large  cylinder,  in  which  the  expansion  is  continued, 
and  is  equivalent  to  the  two  cylinders  of  a  double  cylinder  engine. 
The  inner  piston  is  of  the  common  shape;  the  outer  is  nng-siiaped, 
and  has  packing  not  only  on  its  outer  surface,  but  also  on  its  itmer 
snr&ce,  which  dides  on  the  outside  of  the  inner  cylinder.  The  one 
piston  rod  of  the  inner  piston,  and  the  two  piston  rods  of  the  outer 
piston  are  fixed  to  one  cross-head,  so  that  the  two  pistons  move 
together,  and  the  steam  has  to  pass  irom  either  end  of  the  inner 
cylinder  to  the  opposite  end  of  the  outer  cylinder.  The  steam  is 
supe]4ieated  sufficiently  to  prevent  condensation  to  an  injurious 
extent  in  either  cylinder. 

355.  TreM«  CyUadier  BagtaM  differ  from  double  cylinder  engines 
merely  in  having  a  pair  of  large  cylinders  for  the  continuation  of 
the  expansion,  one  at  each  side  of  the  small  cylinder^  instead  of  one 
lai*ge  cylinder. 

In  Mr.  Elder's  treble  cylinder  engine  the  piston  of  the  central 
small  cylinder  drives  one  crank,  and  those  of  tlie  two  lateral  large 
cylinders  drive  a  pair  of  cranks  pointing  the  opposite  way  to  the 
middle  crank.  If  half  the  work  is  perfoimed  in  the  middle  cylin- 
der, and  the  other  half  divided  equally  between  the  lateral  cylinders, 
there  is 'an  exact  balance  of  pressures  on  the  shaft,  and  the  friction 
of  its  bearings  is  simply  that  due  to  the  weight  resting  on  them. 

In  Mr.  J.  M.  Itowan*s  treble  cylinder  engine  the  rods  of  the  small 
middle  piston,  and  of  the  two  large  lateral  pistons,  are  all  attached 
to  one  cross-head^  so  that  the  three  pistons  move  together.     The 
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arrangement  is  compact^  and  convenient  for  oscillating  engines,  to 
which  it  is  apfdied. 

356.  Bad  t*  Bb«  i»MiMe  CfUmdme  Bngtacu — ^In  this  engine  (Mr. 
Sim*s)  the  steam  begins  its  action  in  one  end  of  a  small  cylinder, 
and  comi^etes  it  in  the  opposite  end  of  a  large  cylinder;  the  two 
cylinders  are  placed  end  to  end,  and  their  pistons  are  attached  to 
one  rod.  The  space  between  the  two  pistons  commimicateB  with 
the  condenser,  and  is  a  partial  vacuum  at  all  times. 

357.  BmiMe  PtotMi  Bosiae. — ^In  this  engine  (Mr.  Onrrett^s)  the 
steam  is  first  admitted  to  and  b^ns  its  expansion  in  one  end  of  a 
cylinder,  and  finishes  its  expansion  in  the  opposite  end  The 
fonner  end  has  its  capacity  diminished,  so  as  to  be  equivalent  to  a 
small  cylinder,  by  means  of  a  plunger  of  sufficiently  large  diameter, 
having  one  end  fixed  to  the  piston,  and  passing  through  a  packing- 
ring  in  the  cover.  The  other  end  of  the  same  plunger  acts  as 
plunger  of  the  air  pump. 

358.  Am  OMinirting  Cjiim^wismoxmtedongudgecmsortrwmiow 
generally  near  the  middle  of  its  length,  on  which  it  is  capable  of 
swaying  to  and  fro  through  a  small  arc,  so  as  to  enable  the  piston 
rod  to  follow  the  movements  of  the  crank,  to  which  it  is  dnrectly 
attached  without  the  intervention  of  a  connecting  rod.  This  con- 
struction is  veiy  advantageous  in  point  of  economy  of  space  and 
weight. 

The  trunnions  are  hollow,  and  are  connected  by  steam-tight 
joints,  one  with  a  steam  pipe  leading  from  the  boiler — ^the  other 
with  an  exhaust  pipe  leading  to  the  condenser.  The  valve  chest 
oscillates  with  the  cylinder.  Various  arrangements  are  used  to 
adapt  the  valve  gearing  to  the  oscillating  motion  of  the  cylinder  and 
valve  chest;  one  of  the  simplest  being  to  communicate  motion  from 
the  eccentric  to  a  sliding  rod  on  which  is  a  cross-head  of  the  form 
of  an  arc  of  a  circle  described  about  the  axis  of  the  trunnions  when 
the  valve  is  in  its  middle  position,  and  having  in  it  a  slot  of  the 
same  figure;  in  that  slot  is  a  slider  attached  to  the  end  of  a  lever 
arm  projecting  from  a  rocking  shaft  carried  by^  the  cylinder; 
another  arm  projecting  from  that  shaft  moves  the  edide  valve  rod. 

359.  secMr  C7liB«en. — In  some  American  steamers  the  place  of 
an  ordinary  cylinder  is  supplied  by  a  sector  of  a  cylinder,  in  which 
a  rectangular  piston  oscillates  to  and  fro  like  A  door  on  its  hinga 
In  the  position  of  the  hinge  is  a  rocking  shaft,  to  which  the  piston 
is  fixed ;  and  by  means  of  an  arm  projecting  from  one  of  the  outer 
ends  of  that  shaft  and  a  connecting  rod,  motion  is  communicated  to 
the  crank. 

360.  In  B«tatM7  Bngines  the  place  of  an  ordinary  cylinder  is 
supplied  by  a  vessel  of  the  shape  of  a  cylinder,  a  zone  a£  a  sphere,  or 
some  other  solid  of  revolution,  traveraed  along  the  direction  of  it» 
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axis  b^  a  abaft,  which  carries  a  revolving  piston  of  a  suitable  shi^ieL 
A  partition  divides  the  space  between  the  piston  and  the  cylinder 
into  two  parts ;  that  partition  is  so  constructed  as  not  to  obstruct 
the  motion  of  the  piston;  in  genei-al  the  partition  moves  aside  to 
let  the  }Hston  pass.  The  steam  is  admitted  into  the  space  behind 
the  piston,  cut  off  periodically  if  required,  and  discharged  firom  the 
space  in  fiont  of  the  piston ;  and  so  the  piston  is  driven  continuoosly 
round.  The  number  of  rotatory  engines  which  have  been  patented 
in  Britain  alone  is  certainly  upwards  of  two  hundred,  and  periiaps 
considerably  more;  but  very  few  have  been  brought  into  practical 
operation,  and  those  to  a  limited  extent  only;  for  their  fidction  and 
liability  to  wear  have  been  found  to  be  greater  than  those  of  ordi- 
nary engines,  and  they  have  no  advantage  except  compactness.  The 
most  succesdiul  appear  to  have  been  the  Earl  of  Dundonald's,  and 
Mr.  David  Napier's. 

361.  Dtee  ■■ciae. — ^This  engine,  the  invention  of  Mr.  Bishop, 
has  been  used  with  success  by  Messrs.  Bonnie  &  Son  to  drive  screw 
propellers.     Fig.  147  is  a  sketch  showing  its  general  nature  only, 

without  any  details.  The  cylin- 
der is  shown  in  section,  the 
piston  in  elevation.  The  cylin- 
der, or  vessel  which  acts  as  a 
cylinder,  is  bounded  laterally 
by  a  spherical  zone  A  A,  and 
endwise  by  a  pair  of  cones,  B,  B, 
whose  apices  coincide  with  the 
centre  C  of  the  sphere.  The 
piston  is  a  flat  circular  disc, 
D,  fitting  the  interior  of  the 
spherical  zone  round  its  edge. 
E  E  is  a  fixed  partition  in  the  cylinder,  shaped  like  a  sector  of  a 
circle;  a  radial  slit  in  the  disc  fits  this  partition.  The  disc  is  fixed 
to  a  ball,  C,  being  the  joint  on  which  it  turns;  and  from  that  ball 
projects  a  rod  F,  perpendicular  to  the  plane  of  the  disa  This  rod 
acts  in  a  manner  as  a  crank  pin ;  for  its  end  fits  into  a  round  hole 
at  the  end  of  the  crank  G,  which  is  carried  by  the  shaft  H,  whose 
axis  coincides  in  direction  with  the  common  axis  of  the  spherical 
zone  and  of  the  two  cones.  By  the  disc  D,  and  partition  E  E,  the 
cylinder  is  divided  at  each  instant  into  four  spaces,  two  of  which 
are  enlarging  while  the  other  two  are  contracting,  as  the  crank  G- 
revolves;  the  steam  is  admitted  into  the  two  former  spaces,  and 
discharged  from  ihe  two  latter  spaces,  by  pofts  near  the  partition 
E  E,  and  can  be  cut  off  if  required  by  an  expansion  valve;  thua 
the  disc  is  made  to  take  a  sort  of  motion  of  nutation,  and  the  crank 
shaft  is  driven  round.     The  angle  H  0  F  between  the  shaft  and 
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crank  pin  is  one-Lalf  of  the  angle  between  the  sides  of  the  two 
cones  B,  B. 

Let  the  angle  H  0  F  =  ^.     Let  r  be  the  internal  radius  of  the 

riical  zone,  /  that  of  the  ball  C.     Then  the  volume  swept 
ugh  by  the  disc  at  each  revolution  is 

8-3776  (r»-r«)  sin  i; (1.) 

being  equal  to  twice  the  capacity  of  the  vessel  which  acts  as  a 
cylinder,  and  being  also  the  product  of  the  area  of  the  disc, 
3*1416  (r^-r^^,  and  the  mean  distance  swept  through  by  all  parts 
of  its  sur&ce  in  directions  perpendicular  to  themselves  during  each 

revolution,  «  •  -s — ^  •  sin  ^. 

The  volume  given  by  the  formula  1  corresponds  to  that  which, 
in  computing  the  power  of  common  double  acting  steam  engines,  is 
found  by  multiplying  the  area  of  the  piston  into  twice  the  length 
of  a  single  stroke. 

362.  Ptot^na  and  Packing. — Oixlinary  pistons  agree  pretty  nearly 
as  to  figure  and  proportions,  with  the  description  of  a  piston  for 
a  water  pressure  engine  already  given  in  Article  127,  page  129; 
but  instead  of  the  hempen  packing,  metallic  packing  is  universally 
used,  made  of  brass,  or  of  castnron.  Fig.  148  represents  one  of 
the  most  complex  arrangements  of  metallic 
packing,  with  the  junk  ring  (as  it  is  still 
called)  removed.  Thei^  are  two,  or  some- 
times three,  rings  of  packing,  each  con- 
sisting of  an  outer  and  inner  circle  of  arcs 
of  metal,  built  together  so  as  to  break 
joint,  and  pressed  outwards  against  the 
interior  of  the  cylinder  by  means  of 
springs.  Much  simpler  arrangements  are 
often  used,  especially  one  in  which  there 
is  only  a  single  packing  ring  divided  at 
one  point,  and  pressing  against  the  sides  ^'  ^^®* 

of  the  cylinder  by  its  own  elasticity,  which,  as  it  is  originally  made 
of  a  radius  a  little  laiger  than  that  of  the  cylinder,  causes  it  to  tend 
to  expand.  The  gap  at  the  point  of  division  is  sometimes  filled 
by  a  tongue  piece  morticed  into  the  ends  of  the  ring;  sometimes  by 
a  small  wedge-formed  block,  pressed  outwards  by  a  spring  behind 
it.  Mr.  Eamsbottom*s  piston  for  locomotives  has  a  cylindrical 
surface  turned  to  fit  the  interior  of  the  cylinder  loosely;  round 
that  cylindrical  surface  are  three  parallel  rectangular  grooves,  each 
filled  by  a  single  packing  ring  of  square  brass  wire,  measuring 
about  an  eighth  of  an  inch  each  way;  each  of  these  rings  is  divided 
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at  one  point,  and  presses  outwards  against  the  cylinder  hy  its 
elasticity,  like  the  single  packing  ring  beforementioned.  The 
points  of  division  are  placed  at  the  lower  side,  where  the  body  of 
the  piston  touches  the  cylinder.  The  varieties  of  metallic  packing 
are  very  numerous;  but  they  differ  chiefly  in  points  of  detail 

Hemp  is  frequently  used  as  an  elastic  material  behind  metallic 
packing,  to  keep  it  pressed  against  the  cylinder. 

Metallic  rings,  or  pieces  of  sheet  brass,  packed  behind  with  hesnp;, 
are  used  also  for  the  packing  of  stuffing-boxes. 

363.  PiMMi  B«d«  Mi4  TmiMka. — In  most  engines,  each  piston 
has  but  one  rod,  fitted  at  one  end  into  a  conical  socket  in  the 
centre  of  the  piston,  and  fixed  by  means  of  a  gib  and  cotter,  or  a 
screw  and  nut  The  piston  rod  passes  through  a  stuffing-box  in. 
the  centre  of  the  cylinder  cover. 

In  some  marine  engines,  two  piston  rods,  and  in  some  four,  are 
attached  to  one  piston,  and  traverse  a  corresponding  number  of 
stuffing-boxes  in  the  cylinder  cover.  These  aiiangements  form 
part  of  peculiar  systems  of  mechanism  for  connecting  the  pist<m 
with  the  crank. 

A  trunk  is  a  tubular  piston  rod,  used  to  enable  the  connecting 
rod  to  be  jointed  directly  to  the  piston,  or  to  a  very  short  inner 
piston  rod,  so  as  to  save  room  in  marine  engines.  The  width,  of 
the  trunk  must  be  sufficient  to  giv^  room  for  the  lateral  motion  of 
the  connecting  rod. 

As  to  the  strength  of  piston  rods,  see  Article  71,  pages  73,  74 
In  computing  the  stress  on  a  piston  rod,  the  greatest  pressure  of  the 
steam  must  be  taken  into  account.  Ilie  usual  factor  of  9afgty  is 
about  6  or  7 ;  but  in  some  cases  it  is  as  low  as  5,  and  in  others  as 
high  as  10. 

364.  flipeedi  mf  PiaiMM. — The  speed  of  the  piston  of  an  engine  is 
usually  expressed  in  feet  per  minute,  the  whole  motion  being  taken 
into  account  in  double  acting  engines,  but  the  forward  strokes  bnly 
in  single  acting  engines,  as  has  already  been  explained. 

An  opinion  at  one  time  prevailed,  that  there  was  an  advantage 
in  making  the  real  speed  of  pistons  follow  the  rule  laid  down  in 
Article  336,  page  479,  for  calculating  the  fictitious  speed  assumed 
in  computations  of  nominal  horse-power ;  and  although  that  opinion 
has  been  shown  to  be  groundless,  the  ordinary  speeds  of  the  pistons 
of  stationary  engines  and  marine  paddle  engines  do  not  often 
deviate  mudi  from  those  given  by  that  rule,  and  range  accordingly 
from  about  120  to  300  feet  per  minute.  But  in  marine  screw 
engines,  and  in  locomotive  engines,  speeds  of  piston  are  used  rang- 
ing up  to  900  feet  per  minute  and  more,  with  advantageous  results. 
American  engineers,  by  giving  great  length  to  the  cylinder  and 
crank,  obtain  a  high  speed  of  piston  in  paddle  engines  alsa 
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Inasmach  as  the  work  performed  by  the  piston  in  an  unit  of  time 
is  the  product  of  the  effort  into  the  speed,  it  follows  that  a  high 
speed  of  piston  involves  a  small  stress  upon  the  machineiy ,  bearings, 
and  fiamework,  and  consequently,  a  small  amount  of  friction; 
<nrcimistances  favourable  to  lightness,  and  to  economy  of  cost  and 
of  power. 

The  velocity  of  the  piston  being  proportional  to  the  length  and 
frequency  of  the  strokes  jointly,  there  are  two  means  of  obtaining 
a  high  velocity :  great  length  of  stroke,  and  great  frequency.  Of 
those  two  means,  great  length  of  stroke  is  to  be  preferred,  when 
there  is  no  reason  to  the  contraiy;  because  great  frequency  of 
stroke,  requiring  rapid  reversal  of  the  motion  of  the  piston,  and  the 
other  masses  which  move  along  with  it,  produces  periodical  strains, 
by  reason  of  the  inertia  of  those  masses,  which  to  a  certain  extent 
neutralize  the  benefits  arising  from  the  small ness  of  the  mean  effort 
exerted  through  the  piston  rod. 

The  limit  beyond  which  the  velocity  of  the  piston  cannot  with 
advantage  be  increased  is  not  yet  known.  There  must,  however,  be 
some  such  limit,  because  of  the  increase  of  the  resistance  to  the 
motion  of  the  steam  through  passages  with  increased  velocity  of  its 
flow.    (See  Article  290,  pages  413  to  417;  Article  340,  page  485.) 

Section  4. — Of  Condensers  and  Pumps. 

365.  Wtef  ■  CmidMiMr,  being  that  which  is  most  generally  em- 
ployed, is  a  cast  iron  vessel  of  any  convenient  shape,  and  strong 
enough  to  bear  the  atmospheric  pressure  fix)m  without,  in  -vdiich 
the  waste  steam  from  the  cylinder  is  condensed  by  a 'shower  of  cold 
water. 

The  capacity  of  the  condenser  in  Watt's  original  engines  was  \ 
of  that  of  the  cylinder;  but  according  to  present  practice,  it  ranges 
from  ^  to  i,  and  sometimes  even  more. 

The  area  of  the  injection  valve,  by  which  the  condensation  water 
is  introduced  into  the  condenser  frx)m  the  cold  well  in  land  engines, 
and  from  the  sea  in  marine  engines,  is  commonly  fixed  by  one  or 
other  of  the  two  following  rules : — 

iV  square  inch  per  cubic  foot  of  water  evaporated  by  the  boiler  per 
hour,  or 

-riv  of  the  area  of  the  piston. 

In  Chapter  IIT.,  Section  5,  of  this  Part,  formulsB  have  been  given 
for  computing  the  net  quantity  of  injection  water  required  to  con- 
dense -die  steam  in  engines  of  various  kinds,  for  each  cubic  foot 
swept  through  by  the  piston.  The  velocity  with  which  the  iigection 
water  flows  towards  the  condenser  at  the  contracted  vein  is  about 
44  feet  per  second.     Taking  0-62  as  the  co-efficient  of  contraction. 
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the  velocity  of  flow  reduced  to  the  area  of  the  orifice  itself  is  found 
to  be  27  feet  per  second,  or  1,620  feet  per  minxite,  nearly.  To  find, 
therefore,  the  proportiou  of  the  injection  orifice  to  the  ax^ea  of 
piston,  necessary  in  order  to  supply  the  net  quantity  of  ii^jection 
-water,  we  have  the  following  formula: — 

net  area  of  orifice  ^     .  ^.  .    ..  ^  ,.    -    . 

^    .  . =  net  volume  of  injection  water  per  ciiuie  foot 

area  of  piston  ''  '• 

swept  through  by  piston  x  velocity  of  piston  in  feet  i)ov 

minute -7-1G20;. ^ (1.) 

but  it  appears  from  ordinary  practico,  that  to  provide  for  contiiH 
gences,  the  injection  valve  must  be  pade  capable  of  introducing^ 
when  required,  about  double  the  net  quantity  of  injection  water 
found  by  calculation ;  hence  810  is  to  be  taken  as  the  divisor  in  the 
above  formula  instead  of  1,620.  This  gives  results  nearly  agreeing 
with  those  of  the  practical  rules  first  cited. 

In  marine  engines,  there  is  sometimes  an  injection  valve  leading 
from  the  ship's  bilge  into  the  condenser,  which  is  opened  only  when 
the  leakage  of  water  into  the  ship  threatens  to  become  too  great 
for  the  ordinary  bilge  pumps.  On  such  occasions,  the  ordinaiy 
injection  valve  is  closed.    (See  page  552.) 

366.  The  Cold  Water  Pamp,  by  which  in  low  pressure  land 
engines  the  cold  well  is  supplied  with  water,  must  be  made  of  capa- 
city sufficient  to  supply  double  the  computed  net  injection  water. 

367.  The  Air  iPmmp  (Article  337,  Division  XVL,  page  481),  when 
single  acting,  is  usually  of  a  capacity  from  one-fifth  to  one-sixth  of 
that  of  the  cylinder;  when  the  air  pump  is  double  acting,  it  may  of 
course  be  made  one-half  smaller.  The  valves  through  which  it 
draws  the  water,  steam,  and  air  from  the  condenser,  are  csMedJbot 
valves;  those  through  which  it  discharges  those  fluids  into  the  hoi 
weU,  delivery  valves,  A  single  acting  air  pump  has  bucket  valves 
opening  upwards  in  its  piston.  Flap  valves,  and  other  clacks  of 
various  forms,  are  used  as  air  pump  valves.  As  to  the  circular 
Indian  rubber  flap  valves,  now  very  generally  employed,  see  Artide 
118,  page  123.  The  ratio  of  the  area  of  the  valve  passages  to  that 
of  the  air  pump  piston  ranges  in  different  engines  from  ^  to  equality, 
being  made  greater  as  the  speed  of  that  piston  is  greater,  so  that 
the  velocity  of  fluids  pumped  may  not  in  any  case  exceed  about  10 
or  12  feet  per  second.     (See  next  page.) 

The  surplus  water  from  the  hot  well,  over  and  above  that  which 
is  drawn  away  by  the  feed  pumps  (Article  316,  page  164),  is  dis- 
charged by  marine  engines  into  the  sea;  and  by  land  engines,  if 
there  is  sidScient  ground  available,  into  a  shallow  pond,  to  be  cooled 
and  used  again  as  condensation  water. 


SURFACE  CONDENSERS.  509 

368.  9mHkee  €—<•■•«■»  possess  the  advantages  of  preserving  the 
purity  of  the  water,  by  returning  to  the  boiler  the  same  water  over 
and  over  again,  without  the  admixture  of  condensation  water  from 
without  (see  Article  321,  page  468),  and  of  saving  the  power  which 
is  expended  in  pumping  the  condensation  water  out  of  the  common 
condenser.  Surface  condensation  appears  to  have  been  employed 
at  an  early  period  by  Watt,  but  afterwards  abandoned  by  him  for 
condensation  by  injection,  on  account  of  practical  difficulties. 
"Various  sui&ce  condensers  have  since  been  tried  at  different  times 
with  more  or  less  success.  Those  of  Mr.  Samuel  Hall  were  fitted 
up  in  several  steamers. 

A  surface  condenser  consists  generally  of  a  great  number  of  ver- 
tical tubes,  about  ^  inch  in  diameter,  united  at  their  upper  and 
lower  ends  by  means  of  a  pair  of  flat  disc-shaped  vessels,  or  of  two 
sets  of  radiating  tubes,  or  in  some  other  convenient  manner.  This 
set  of  tubes  is  enclosed  in  a  casing,  through  which  a  sufficient  quan- 
tity of  cold  water  is  driven.  The  steam  being  led  by  the  exhaust 
pipe  to  the  upper  end  of  the  set  of  tubes  is  condensed  as  it  descends 
through  them,  and  arrives  in  the  state  of  liquid  water  at  the  lower 
end  of  the  apparatus,  whence  it  is  pumped  away  to  feed  the  boiler. 

Where  condensation  water  is  scarce  or  impure,  it  may  be  de- 
sirable to  condense  the  steam  by  the  contact  of  cold  air  with  the 
outside  of  the  tubes.  To  overcome  the  chief  difficulty  of  this  pro- 
cess, which  consists  in  producing  a  sufficiently  rapid  circulation  of 
air  over  the  tubes,  Mr.  Craddock  makes  the  whole  apparatus  of 
tubes  rotate  rapidly  about  a  vei'tioal  axia 

Some  results  of  experiment  as  to  the  efficiency  of  cooling  surface 
in  condensing  steam  have  already  been  given  in  Article  222,  page 
266.  The  greatest  of  those  results  (that  recently  obtained  by  Mr. 
Joule)  was  the  effect  of  casing  each  condensing  tube  in  an  outer 
tube,  and  driving  a  current  of  cold  water  through  the  annular  space 
between  the  inner  and  outer  tubes  in  a  direction  contrary  to  that 
of  the  motion  of  the  condensing  steanL  To  these  data  may  be 
added  the  result  of  some  recent  experiments  on  a  marine  engine,  in 
which  the  rate  of  suifiEhce  condensation  in  half-inch  brass  tubes 
surrounded  by  water,  estimated  theoretically  from  the  indicator 
diagrams,  was  between  3  and  4  lbs.  per  square  foot  of  surfstce;  the 
'Wacuum*'  in  the  condenser  being  13  lbs.  on  the  square  inch,  and 
the  absolute  pressure,  therefore,  of  uncondensed  steam  and  air  about 
1*7  lb.  on  the  square  inch. 

In  a  marine  engine  with  a  surface  condenser,  the  loss  of  water  is 
supplied  by  means  of  a  distilling  apparatua 

Addendum  to  Article  367. 
The  BcalaCanca  •fthe  Air  Pami^  is  equivalent  to  a  back-pnssure  on  ttie  steam 
piston,  ranging  from  0*6  to  076  lbs.  on  the  square  inch,  in  well-proportioned  examples. 
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Section  5,-^Of  Connecting  Medianiam, 

369.  BeMM  £■«!■«•  mmA  IMi<ect  AcUas  BaclMii. — Bj  COnnecHng 

ftwchoMMm  is  meant  the  series  of  pieces  through  whidi  motion  is 
commtinicated  from  t^e  piston  rod  to  the  piece,  whether  a  rotating 
shaft  or  a  reciprocating  rod,  by  which  the  useful  work  is  performed 
With  respect  to  connecting  mechanism,  steam  engines  maj  be 
divided  into  two  great  classes : — 

L  Becm^  Engines,  in  which  the  piston  rod  is  connected- bjr  means 
of  a  link,  with  one  end  of  a  beam  or  lever  oscillating  about  a  centre; 

the'  other  end  of  the 
beam  being  connected 
bj  a  link  or  connect- 
ing rod  with  the  pomp 
rod  or  with  the  crank, 
according  as  the  engine 
is  non-Fotatiye  or  rotar 
tive.  The  engine  uaed 
as  an  illustration  in  Ar^ 
tide  389,  fig.  130,  is  a 
beam  engine  of  the  ordi- 
nary kind;  but  as  tiie 
beam  is  there  omitted, 
fig.  149  is  added  to  show 
the  general  arrangement 
of  mechanism  in  such  an  engine.' 

II.  Direct  admg  engines,  in  which  the  pump  rod  or  the  crank, 
aa  the  case  may  be,  is  connected  with  the  piston  rod,  either  directly 
or  by  means  of  a  connecting  rod  only.  The  engine  used  as  an 
illuRtration  in  Article  844,  fig.  137,  is  direct  acting. 

370.  F««cM  AcUny  Mi  B««m  aadi  ejUmdmr^ — ^In  a  beam  engine 
the  velocities  of  the  two  ends  of  the  beam  at  any  given  instant  a^ 
to  each  other  directly  as  the  lengths  of  the  two  arms  of  tibe  beam : 
the  alternate  puUs  and  thrusts  exerted  on  the  two  ends  of  the  beam 
by  the  piston  rod  and  connecting  rod,  being  inversely  as  the  veloci- 
ties of  their  points  of  application,  are  to  each  other  inversely  as  the 
lengths  of  the  arms  of  the  beam. 

The  bearings  of  the  ''  main  centre,"  or  gudgeons  of  the  beam, 
have  to  sustain,  when  the  engine  is  at  rest,  the  weight  of  the  beam 
and  the  parts  which  hang  from  it :  when  the  beam  is  in  motion,  tiie 
sum  of  the  forces  exerted  by  the  piston  rod  and  connecting  rod  is 
added  to  that  weight  dniing  the  down  stroke  of  the  piston,  and  sub- 
tracted from  it  during  the  up  strok& 

The  cylinder  is  pressed  alternately  downwards  and  upwards  with 
a  force  equal  and  oposite  to  the  effort  of  the  steam  on  the  piston; 


Fig.  lit. 


BFFOBT  ON  CBANK  PIN. 
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acnd  the  strengtb  of  the  fastenings  of  the  cylinder  to  the  framework 
must  be  r^tdated  accordingly. 

371.  B«M«  •■  Craiik  Pin- FiF-wiie«i« — The  whole  force  exerted 
by  the  connecting  rod  on  the  crank  pin  may  be  resolved  into  two 
rectangolar  components,  as  in  Article  23,  page  31 — ^a  lateral  force 
acting  along  the  crank  towards  or  from  its  axis  of  rotation,  produc- 
ing merely  pressure  on  the  bearings  of  the  shaft,  and  an  effort,  acting 
perpendicular  to  the  crank,  in  the  direction  of  motion  of  the  crank 
pin,  by  means  of  which  effort  the  resistance  of  the  machinery  driveu 
is  overcome  and  work  performed. 

To  find  the  ratio  which  that  effort  bears  to  the  effort  exerted  by 
the  steam  on  the  piston,  in  any  given  position  of  the  mechanism,  it 
is  sufficient  to  know  the  ratio  of  the  velocity  of  the  crank  pin  to 
that  of  the  piston;  for  the  qffhrta  are  inveredy  aa  tlie  vdocities. 

The  following  are  the  methods  by  which  that  "velocity  ratio"  is 
found  at  any  instant : — 

Case  I.  In  a  beam  engine  (fig.  150),  let  C^  be  the  axis  of  mo- 
tion of  the  beam;  0^  that  of  the  crank  shaft;  T^  Tg,  the  connecting 
rod,  T^  being  the  centre  of  the  crank  pin.  At  a  given  instant,  let 
t?i  be  the  velocity  of  Tj,  which  can  be  deduced  from  that  of  the  pis- 
ton, as  in  Article  370;  Vo  that  of  Tg. 

To  find  the  ratio  of  ^ose  velociti^,  produce  C^  Tj,  Cg  Tg,  till 
they  intersect  in  K ;  K  is  the  "  instantaneous  axis*'  of  ihe  connect- 
ing rod,  and  the  velocity  ratio  in  question  is 

v^:v^:  ti^Ti :  KT\ (1.) 

Shotdd  "K  be  inconveniently  fer  off,  draw  any  triangle  with  its  sides 
respectively  parallel  to  C^  T^,  Cg  Tg,  and  T^  Tg;  the  ratio  of  the  two 


Kg.  160. 


Fig.  161. 


sides  first  mentioned  will  be  the  velocity  ratio  required.     For  ex- 
ample, draw  Cg  A  parallel  to  C^  T^,  cutting  Tj  Tg  in^;  then 

v^:v^:  I  Og^  :  ^g  ig .-v. 


.(2.) 
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Case  IL,  in  a  direct  acting  engine  (fig.  151.)  Let  C^  be  the  axis 
of  the  crank  shaft,  and  T^  R  the  piston  rod;  C^  T^  the  crank;  and 
Tj  Tj  the  connecting  rod.  Draw  Tj  K  perpendicular  to  T^  R,  inters 
secting  Cj  Tj  produced  in  K ;  K  is  the  '*  instantaneous  axis'*  of  the 
connecting  ix>d;  and  the  rest  of  the  solution  is  the  same  as  in  Case 
I.,  the  fprmulse  1,  2,  giving  the  ratio  of  the  velocity  of  the  pijston  to 
that  of  the  crank  pin,  which  is  also  the  ratio  of  the  effort  on  the 
crank  pin  to  the  effort  on  the  piston;  that  is  to  say — 

Cj  Tg  :  Cj  A  : :  effort  of  steam  on  piston  ?  effort  of  connecting 

rod  on  crank  pin (3.) 

It  is  by  this  process  that  data  are  obtained  for  determining  the 
periodical  excess  and  d^iciency  ofenergi/  exerted  on  the  crank  shaft, 
by  the  methods  already  explained  in  Article  52,  pages  59,  60,  61, 
and  thence,  by  the  methods  explained  in  Article  53,  pages  61,  62, 
the  required  moment  of  inertia  of  a  fly-wheel  which  shall  prevent 
the  fluctuations  of  speed  caused  by  that  alternate  excess  and  defi- 
ciency from  going  beyond  given  limits. 

Marine  and  locomotive  engines  require  no  fly-wheels;  for  in  the 
former  the  inertia  of  the  propeller,  whether  paddle  or  screw,  and  in 
the  latter  that  of  the  entire  engine,  suffice  to  prevent  excessive  flac- 
tuations  of  speed. 

372.  ]>«mi  p«tats« — At  two  instants  in  each  revolution,  the 
direction  of  the  crank  coincides  with  the  line  of  connection  (or 
straight  line  joining  the  centres  of  the  joints  of  the  connecting  rod). 
The  positions  of  the  crank  pin  at  those  instants  are  call^  dead 
points,  and  they  correspond  to  the  ends  of  the  stroke  of  the  piston, 
when  its  velocity  vanishes,  and  so-  also  docs  the  effort  on  the  crank 
pin.  It  is  to  diminish  the  irregular  action  caused  by  the  existence 
of  these  dead  points,  and  especially  to  facilitate  the  starting  of 
engines  when  the  cmnk  happens  to  rest  at  one  of  them,  that 
engines  are  combined  by  pairs  or  threes,  as  described  in  Articles 
338  and  353,  with  the  effect  in  diminishing  the  periodical  excess 
and  deficiency  of  energy  stated  in  Article  52,  page  60. 

373.  ChiMe*  f«r  the  pistMi  R«d  are  very  accurately  straight 
surfaces,  plane  or  cylindrical,  but  best  plane,  on  which  a  block  fixed 
to  the  head  of  the  piston  rod  slides,  and  which  resist  the  tendency 
of  the  link,  or  of  the  connecting  rod,  when  in  an  oblique  position, 
to  make  the  motion  of  the  piston  rod  deviate  from  a  straight  line. 
The  accuracy  with  which  smooth  plane  surfaces  can  now  be  made 
has  caused  guides  to  be  more  generally  used  than  they  were  for- 
merly. 

374.  Paniii«i  iiioU«aa  are  jointed  combinations  of  linkwork, 
designed  to  guide  the  motion  of  the  piston  rod  either  exactly  or 
approximately  in  a  sti'aiffht  line,  in  order  to  avoid  the  fiiction 
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wliicb  atiends  the  use  of  straiglit  guide&  The  first  parallel  motion 
is  well  known  to  have  been  an  invention  of  Watt  Fonr  kinds  of 
parallel  motion  will  now  be  described : — 

L  An  Exact  pmmIM  n^ttoa,  believed  to  have  been  first  proposed 
by  Mr.  Soott  Russell,  is  represented  in  fig.  152.  The  same  parts 
of  the  mechanism  are  marked  with  the 
same  letters,  and  difierent  successive 
positions  are  indicated  hy  numerals 
affix^  The  lever  CT  turns  about 
the  fixed  centre  0,  and  carries,  jointed  ^y^ 
to  its  other  end,  the  bar  or  link  P  T  Q, 
in  which  PT=:TQ  =  CT.  The  point 
Q  is  jointed  to  a  slider  which  slides  in 
guides  along  the  straight  line  C  Q ;  and 
the  point  P  moves  in  the  straight  line 
Pj  C  P3,  -1.  C  Q.  A  pair  of  the  combinations  here  shown  are  used, 
one  at  each  side  of  the  cylinder;  and  the  pair  of  bars  P  Q  are 
jointed  at  their  extremities  P  to  tiie  head  of  the  piston  rod. 

IL  An  ApwfxiatmU)  PwndM  ffli«a*a,  somewhat  resembling  the 
preceding,  is  obtained  by  guiding  the  link  P  Q  entirely  by  means  of 
oscillating  le- 
vers, inst^  of 
by  a  lever  and 
a  slide.  To 
find  the  length 
and  the  posi- 
tion of  the  axis 
of  one  of  those 
levers,  ef,  select 
any  convenient 
point,  ty  in  the 
link  P  Q,  and 
lay  down  on  a 
drawingthe  ex- 
treme and  mid- 
dle positions, 
<i,«2,<3,ofthat 
point,  oorre- 
spondingto  the 
extreme  and 
middle      posi-  Fig*  158. 

tions  of  the  link  P  Q.  The  centre  c  of  a  circle  traversing  those 
three  points  will  be  the  required  axis  of  the  lever,  and  e  t  will  be 
its  length ;  and  if  the  link  P  Q  is  guided  by  two  such  levers,  the 
extreme  and  middle  positions  of  P  will  be  in  one  straight  line, 
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and  the  other  positions  of  that  point  yety  nearly  in  one  straight 
Una 

IIL  Watt**  Appr»xtaMt0  PandM  MmtimL — ^In  £g.  153,  C  T,  e«, 
are  a  pair  of  levers,  connected  by  a  link  T  i,  and  oscillating  about 
the  axes  C,  c,  between  Ihe  positions  marked  1  and  3.  The  middle 
positions  of  the  levers,  CT^^ct^ftire  parallel  to  eadi  otiier.  It  is 
required  to  find  a  point  P  in  the  link  T  t,  such,  that  its  middle 
position  Pj,  and  its  extreme  positions  Pj,  P3,  shall  be  in  the  same 
straight  line  perpendicular  to  C  T,,  c  ^  and  so  to  place  the  axes  C,  e, 
on  the  lines  C  Tgi  ^  ^  ^^^  ^^  P^^^  ^^  ^9  between  the  positions 
Pj,  P2,  P3,  shall  be  as  near  as  possible  to  a  straight  line. 

The  axes  C,  0,  are  tol>e  so  placed,  that  the  middle  M  of  the  versed 
sine  y  T2,  and  the  middle  tn  of  the  versed  sine  vt^of  the  req>ective 
arcs  whose  equal  chords  T^  T3  =  ^  ^  represent  the  sbx)ke,  shall 
each  be  in  the  line  of  stroke  mm. 

The  position  of  the  point  P  on  the  link  is  found  by  the  following 
proportional  equation : — 

Tt:FT:fl::(ni  +  ^:7^:  CS ...(1.) 

The  positions  of  the  point  P  in  the  link,  intermediate  between  its 

middle  and  extreme  positions,  are  near  enough  to  a  straight  line 

for  practical  purpose&     When  there  are  given,  the  axes  C,  c,  the 

line  of  stroke  Pj  Pj  P3,  the  length  of  stroke  P^  Pg  =  S,  and  the 

perpendicular  distance  M  m  between  the  middle  positions  of  the 

two  levers,  the  following  equations  serve  to  compute  the  lengths 

of  the  levers  and  link : — 

S«        S« 

Versedsines,  TV  =  -:=^;  tv^- 


(2.) 


8CM'  8cm' 

TV    —     Tv 

Levers,  CT  =  CMH — §-;  ct^cm+^jy 

Link.  Tl  =  V{^^  +  ^^^'}- 

lY.  Watr*  PanUid  n«tl«B  modified  by  having  the  guided  point 
P  in  the  prolongation  of  the  link  T  t  beyond  its  connected  points, 
instead  of  between  those  points,  is  represented  by  fig.  154.  In  this 
case,  the  centres  of  the  two  levers  are  at  the  same  side  of  the  Hnk, 
instead  of  at  opposite  sides,  the  shorter  lever  being  the  fiutha>  from 
the  guided  point  P;  and  the  equations  1  and  2  are  modified  as 
follows: — 

Segments  of  the  link — 

!r7:PT:F7::CM-^:J^:  CH ^(3-) 
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Versed  ones,         TV  = 


8> 


8CM' 


8eM' 


Levers, 


.(4.) 


This  parallel  motion  is  used  in  some  m^rme^iagines,  in  a  position 
inverted  with  respect  to  that  in  the  £gur^  P  being^he  upper,  and 
t  the  lower  end  of  the  link.  **v        ^    %, 


Fig.  155. 

When  Watt's  parallel  motion  (HI.),  - 
is  applied  to  steam  ODgines  with  beams,  c(^ 
it  is  more  usual  to  guide  the  air  pump 
rod  than  the  piston  rod  directly  by 
means  of  the  point  P.  The  head  of 
the  piston  rod  is  guided  by  being  con- 
nected with  that  point  by  means  of  a 
parallelogram  of  bars,  shown  in  fig. 
155.  c  is  the  axis  of  motion  of  the 
beam  of  the  engine,  ctA.  one  arm  of 
that  beam,  C  T  a  lever  called  the 
rctdivs  bar  or  bridle  rod,  Tt  a  link 
called  the  5ac^  ^TzX;.  CT,c<,  andTt, 
form  ihe  combination  abeady  described 
(III.),  and  shown  in  fig.  153;  and  the  point  P,  found  as  already 
diown,  is  guided  in  a  vertical  line,  almost  exactly  straight.  The 
total  length  of  the  beam  arm,  c  A,  is  fixed  by  the  proportion 

YiiTtiiUl:  CA; (6.) 

thatis,^  A  is  very  nearly  a  third  proportional  to  CT  and  c^.  Draw 
A  B  II  T  <,  and  c  P  B  intersecting  it;  then  from  the  proportion  6  it 
follows  that  A  B  =  T  ^.     A  B  is  the  mam  link:  B,  the  head  of  the 


Fig.  154. 
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piston  rod.  61^  s=  and  ||  ^  A  is  tbe  parallel  bar^  hy  which  the  main 
and  back  links  are  connected.  P  moves  sensiblj  in  a  straight  line; 
10  B  :  e  P  is  a  constant  ratio ;  therefore  B  moves  sensibly  in  a  straight 
line  parallel  to  that  in  which  P  move&  (For  methods  of  designing 
parallel  motions  by  graphic  construction  alone,  see  Eankine  On 
MaMnery,  pages  274  to  280;  On  ShiptmUdivg,  pages  284,  285; 
Bvlea  and  Tables,  page  236.) 


Fig.ue. 

375.  sMe  licrer  Eagiaes  are  a  variety  of  beam  engines  madh 
led  in  paddle  steamers.     Figs.  156  and  157  represent  the  general 
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arrangement  of  a  pair  of  such  engines,  driving  a  pair  of  cranks  at 
right  angles  to  each  other:  fig.  156  being  a  side  view  of  the  port 


Fig.  167. 

engine,  and  fig.  157  a  view  of  the  cylinder  ends  of  both  engines. 
Each  engine  has  a  pair  of  side  levers  or  beams  below  the  level  of  the 
shaft  and  of  the  cylinder  cover;  they  are  fixed  on  the  opposite  ends 
of  one  rocking  shaft,  which  is  the  main  centre.  The  piston  rod 
carries  a  cross-heady  like  that  of  the  letter  T,  from  the  ends  of 
which  haDg  a  pair  of  side  rods,  connecting  it  with  the  ends  of  the 
pair  of  side  levers.  The  opposite  ends  of  the  side  levers  are  con- 
nected with  a  crosS'taily  which,  being  fixed  on  the  lower  end  of  the 
connecting  rod,  gives  it  the  shape  of  the  inverted  letter  x*  I^  %• 
156,  a  is  the  cylinder,  h  one  of  the  side  levers,  c  the  sole  plate  witii 
vertical  flanges,  which  carries  the  engines  and  their  fraine ;  d  the 
air  pump  rod  with  its  cross-head  and  side  rods,  e  thertaun^i  A  h  a 
paddle  wheel, /an  eccentric  with  its  counterpoise,     v^^^^^^,^^ 
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376.  WmHttUm  !■  iNrect  iicttag  Hariae  BmsIwm  are  80  numeroua 
ihat  tbey  wotild  require  a  separate  treatise  for  their  descripfioiL 
The  objects  aimed  at  in  them  are,  in  paddle  steamers,  length  of 
stroke,  notwil^ustanding  limited  head  room;  and  in  screw  steamers, 
compactness  and  convenience,  especially  in  ships  of  war,  where  the 
whole  engine  has  to  be  placed  below  the  water  line.    Some  of  them 


Fig.  158. 

have  been  sufficiently  described  un- 
der the  head  of  cylinders,  Articles 
353,  354,  355,  358.  Fig.  158  is  a 
cross-section,  and  fig.  159  a  side 
view,  of  a  pair  of  oscillating  engines, 
such  as  have  been  mentioned  in 
Article  358.  The  air  pump  is 
worked  by  a  crank  in  the  middle  of 
the  shaft.  Figs.  160  and  161  rejoe- 
sent  a  pair  of  "  steeple  engines,"  in 
which,  from  each  cylinder,  a  pair 
of  long  piston  rods  rise  on  opposite 
sides  of  the  shaft,  and  also  of  the 
crank,  carrying  a  cross-head  from 
which  the  connecting  rod  hangs 
downwards.  In  fig.  161  is  seen  the 
air  pump,  worked  by  a  lever  and 
Fig.  159.  ii^ts.    Figs.  162  and  163  represent 

a  pair  of  Messrs.  Maudslay's  double   cylinder  engines,  in  which 
there  are  four  cylinders,  two  for  each  engine.     Fig.  163  sVowb  the 
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two  similar  and  equal  cylinders  that  belong  to  one  engine,  standing 
fiide  by  side;  their  pistons  move  together,  and  thejr  act  in  all 


Fig.  162. 


respects  like  two  parts  of  one  cylinder.  Their  two  piston  rods  are 
fi^ed  to  the  cross-head  of  a  pair  of  T-shaped  pieces,  the  lower  ends 
of  the  stems  of  which  move  in  vertical  guides  in  the  space  between 
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the  cjlinden,  and  give  motion  through  the  connecting  rod  to  the 
crank.     The  air  pump  is  woriced  through  a  lever  and  linka 

The    dm^est    arxmnge- 


ment  of  direct  acting  i 
engines  used  in  merdiant 
vessels  will  be  illustrated  in 
a  subsequent  Article.  In 
ships  of  war,  those  engines 
are  brought  below  the  water 
line,  generally  by  placing 
their  cylinders  either  hori- 
zontal or  veiy  much  in- 
clined Contrivances  for 
this  object  have  given  rise 
to  an  incalculable  variety 
of  forms  of  engine, 

377.  C^mj^Umtf    SiHite   mC 

nariM  Bbs1«m.— In  paddle 
engines,  the  shaft  consista 
Fig.  168.  Qf  three  pieces,  each  witii 

its  independent  bearings.  The  middle  piece,  caUcd  the  intermediaie 
shaft,  or  engine  shctft,  is  in  permanent  connection  with  the  pistons 
through  the  connecting  rods.  The  two  outer  pieces,  called  the 
paddle  ska  fie,  carry  the  paddle  wheels :  they  have  cranks  upon  their 
inner  ends,  which  can  be  at  will  connected  with  and  disconnected 
from  the  crank  pins  of  the  cranks  of  the  engine  shaft,  l^e  details 
of  the  method  of  doing  this  vary  very  much  in  the  practice  of 
different  engineers. 

In  screw  engines  also,  the  engine  ekafi  and  ecrew  shaft  can  be 
connected  and  disconnected  by  various  contrivances. 

378.  flCTMigth  •r  vieciMUiiMM  mud  FnmiBc. — ^The  principles  upon 
which  the  strength  of  mechanism  depends  have  been  explained  in 
Section  8  of  the  Introduction ;  and  it  has  also  been  shown  how 
they  are  to  be  applied  to  the  principal  pieces  which  occur  in  the 
mechanism  of  steam  engines,  such  as  piston  rods,  connecting  rods, 
cross-heads,  cross-tails,  beams,  cranks,  axles,  wedges,  keys,  <&c. 

Care  must  be  taken  in  all  calculations  on  this  subject,  to  consider 
all  the  variations  which  the  forces  acting  amongst  the  pieces  of  the 
mechanism  imdergo,  whether  in  magnitude  or  in  direction,  and  to 
take  into  account  that  condition  of  those  forces  in  which  the  stress 
])roduced  by  them  is  the  most  severe.  Care  must  also  be  taken 
not  to  consider  efforts  and  resistances  alone,  but  the  entire  forces 
applied  to  each  piece,  wliether  direct  or  lateral  (Article  8,  page  6  ; 
Article  23,  page  31).  For  example,  it  is  not  the  mere  effort  in  the 
ilii*ection  of  motion  of  the  crank  pin  which  is  to  be  considered  in 
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detenniniug  the  requisite  strength  of  the  crank,  but  the  whole 
thrust  or  pull  exerted  along  the  connecting  rod. 

The  frtunework  by  which  a  moving  piece  is  held  or  supported^ 
exerts  upon  that  piece  a  force  or  forces  sufficient  to  prevent  it  from 
being  dislodged  from  its  proper  bearings,  and  must  be  made  sn£BL- 
ciently  strong  to  bear  with  safety  all  &e  forces  exerted  by  other 
bodies  upon  the  moving  pieces  which  it  carries. 

For  example,  in  a  h&Bja  engine,  the  principal  parts  of  the  frame- 
work are,  the  sole  or  base,  and  the  pillars  for  alternately  supporting 
and  holding  down  the  main  centre  of  the  beam.  At  one  end  of  the 
base,  the  cylinder  must  be  fixed  down  to  it  by  bolts  capable  of 
safely  resisting  an  upward  pull  equal  to  the  greatest  effort  on  i3i& 
piston.  At  the  other  end,  the  barings  of  the  shaft  must  be  fixed 
down  with  equal  firmness.  The  supports  of  the  main  centre  must 
be  sttong  enough  to  bear  the  forces  acting  upon  it,  determined  m 
the  manner  explained  in  Article  370.  The  base  itself  must  possess^ 
transverse  strength  sufficient  to  bear  safely  the  tendency  of  tho 
forces  applied  to  its  ends  and  middle  to  break  it  across,  producing 
a  momeni  offiescwre  (Article  73,  page  75)  at  each  instant,  equal  and 
opposite  to  that  which  acts  on  the  beam. 

Similar  principles  apply  to  the  side  lever  engine,  except  that  the 
pillars  support  and  hold  down  the  bearings  of  the  engine  shaft. 

In  a  duect  acting  engine,  the  principal  parts  of  the  frame  are  the 
pillars  or  rods  by  which  the  cylinder  and  the  shaft  are  kept  in  their 
proper  relative  positions^  and  which  have  to  resist  a  pull  and  a 
thrust  alternately. 

379.  Baiaaciag  ml  iiiechfiBtoni. — All  the  moving  parts  in  an  engine 
ought  as  far  as  possible  to  be  bixlanced;  that  is  to  say,  that  every 
axis  about  which  moving  parts  turn  or  vibrate,  or  have  a  recipro- 
cating motion,  should  either  exactly  or  as  nearly  as  possible  traverse 
the  common  centre  of  gravity  of  all  the  parts  that  its  bearings  sup 
port,  and  be  a  permanent  aocis  of  those  parts  which  turn  with  it. 
The  reasons  for  doing  this,  and  the  principles  according  to  which  it 
is  to  be  efiected,  have  been  explained  in  Articles  21,  22,  pages 
27  to  30.  It  is  of  special  importance  as  applied  to  the  cnuik 
shaft. 

The  weight  of,  and  the  centrifugal  force  and  couple  produced 
by,  any  mass  which  is  fixed  to  the  shaft  and  rotates  along  with  it, 
such  as  a  crank  or  eccentric,  can  easily  be  balanced  by  counterpoises 
fixed  to  and  rotating  along  with  the  shaft  also.  In  the  case  of  a 
mass  which  only  partially  partakes  of  the  motion  of  the  shaft,  such 
as  a  piston,  the  balance  of  weight  and  inertia  cannot  be  exactly 
realized  in  all  positions  of  the  engine,  but  must  be  approximated 
to   in   the  way  which  may  seem  best   to  the  judgment  of  the 

Diqitizec  " 

engineer.  ^ 
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In  Article  347  it  has  been  shown  how  the  weight  of  the  piston 
in  vertical  cylinders  is  approximately  balanced  by  a  proper  adjust- 
ment  of  the  presmire  of  the  steam.  In  this  case  it  is  probably  best, 
in  order  to  avoid  horizontal  vibrations,  that  the  weight  of  the  piston, 
its  rod,  and  half  the  connecting  rod,  dioiild  be  bakuioed  by  steam 


Fig.  164. 
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presBore  alone,  the  eniiik  and  the  other  half  of  the  connecting  rod 
being  balanced  by  counterpoises  fixed  on  the  shaft.  In  engines 
with  hotixontal  cylinders,  on  the  other  hand,  it  is  probably  best  to 
treat  the  whole  wejght  of  the  piston,  piston  rod,  and  connecting 
rod,  as  if  it  were  concentrated  at  and  revolved  along  with  the  crank 
pin,  and  to  fix  counterpoises  on  the  shaft  suited  to  that  supposi- 
tion; and  this  method,  or  one  not  greatly  dififering  from  it,  appears 
to  have  been  practised  by  MeanrSb  Bourne  &  Co.  in  their  horizontal 
single  cylinder  screw  engine,  with  good  results.. 


Sscnov  6. — Examples  qf  Pumping  and  Marine  Enginu, 

380.    BnuHvlM  •fa  Cwlili  PaHplnff  Basiae.— Fig&    164,  165, 

and  166,  represent  a  single  acting  non-rotative  beam  engine,  known 
as  the  "Cornish  engine,"  and 
used  for  draining  mines,  and  for 
supplying  towns  with  water. 

Fig.  164  is  a  general  elevation 
or  side  view. 

Fig.  165  is  an  elevation,  and 
fig.  166  a  plan,  of  the  valve 
gear. 

As  to  the  general  arrange- 
ment of  the  valve  gear,  see  Ar- 
ticles 84S  and  343. 

A  is  the  cylinder;  B,  the 
piston  rod;  C  D  E,  the  beam; 
F,  the  main  pump  rod;  G,  the 
tappet  rod  or  plug  rod;  H,  the 
equilibrium  pipe,  which,  when 
the  equilibrium  valve  is  open, 
connects  the  top  and  bottom 
of  the  cylinder ;  I,  the  exhaust 
pipe ;  K,  the  condenser ;  L,  the 
air  pump;  M,  the  feed  pump; 
N,  its  supply  pipe;  and  O,  its 
discharge  pipe. 

P  is  the  " catwract*'  as  to  the 
general  nature  of  which  see  Ar- 
ticle 343.  Q,  the  chest  of  the 
throttle  valve;  a,  its  spindle; 
6  c,  a  lever;  and  dd^  a  rod  and 


Fig.  165. 


handle  to  adjust  its  opening;  Z,  the  passage  through  which  it  oom- 
mumcates  with  the  steam  valve  box  R  S,  the  equilibrium  valve 
box.     T,  the  exhaust  valve  box. 
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e  is  the  pump  of  the  cataract^  Btanding  in  a  small  tank ;  its  ^ 

rod  is  attached  to  an  arm  projecting  from  the  locking  shaft  //, 

From  that  shaft  there 
projects  another  lever 
ff,  which  is  depressed 
1^  the  tappet  rod  G 
when  near  the  bot- 
tom of  its  down 
stroke,  so  as  to  lift 
the  piston  of  the 
pump.  A  third  arm 
projecting  from  the 
same  shih//  cames 
a  weight  i,  which,  as 
soon  as  tibe  ta|]^)et 
rod  begins  to  rise 
and  leave  the  lever 
g  free,  causes  the 
piston  to  descend 
Kg.  166.  slowly. 

Meanwhile  the  tappet  rod,  when  at  the  bottom  of  its  descent, 
has  shut  the  exhaust  valve  by  means  of  the  tappet  y,  and  opened 
the  equilibrium  valve :  the  piston  has  ascended ;  and  at  the  top  of 
the  up  stroke  the  tappet  rod  has  shut  the  equilibrium  valve,  so 
that  the  engine  is  ready  to  begin  a  new  stroke  so  soon  as  the  exhaust 
valve  and  steam  valve  shall  be  re-opened. 

The  weight  t  continues  to  press  down  the  cataract  piston^  and  to 
cause  the  lever  g  to  rise.  This  lever  supports  a  small  vertical  rod, 
hidden  in  fig.  165  behind  the  tappet  rod  G,  from  which  small  rod 
there  projects  a  peg,  that  at  length  lifts  the  lever  k.  From  the 
lever  k  there  projects  a  catch  that  holds  a  tooth  projecting  frt>m  the 
rocking  shaft  m,  and  prevents  that  shaft  from  turning  imder  the 
action  of  the  loaded  road  I  that  hangs  from  a  short  lever  projecting 
from  the  shaft  m.  When  the  lever  k  is  lifted,  the  shaft  m  is  set 
free,  wliereupon  I  descends,  m  turns,  the  handle  n  projecting  from 
m  rises;  the  short  lever  projecting  from  m  pulls  the  loaded  rod  op 
towards  the  right  of  the  figure,  which,  through  the  bell  crank  pqr, 
lifts  the  spindle  s  of  the  exhaust  valve,  and  opens  that  valve  so  as 
to  let  the  steam  from  below  the  piston  escape  to  the  condenser. 

The  before-mentioned  vertical  rod  resting  on  g  continues  to  rise; 
a  peg  projecting  from  it  lifts  the  lever  t,  similarly  placed  to  k,  but 
higher,  and  in  the  same  manner  as  a  catch  on  k  liberates  a  weight 
whose  descent  opens  the  exhaust  valve,  a  catch  on  t  liberates  a 
weight  whose  descent  opens  the  steam  valve.  The  steam  is  admitted, 
and  the  down  stroke  begina  Digitized  by  GoOglc 
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At  a  point  of  the  down  stroke  fixed  by  adjusting  the  position  of 
the  long  tappet  x  on  the  tappet  rod,  that  tappet  presses  down  the 
handle  t»  as  to  shut  the  steam  yalve,  and  hold  it  shut  for  the 
remainder  of  the  stroke,  which  is  performed  by  expansion. 

As  the  down  stroke  is  completed  the  cycle  of  operations  already 
described  reoommenoea 

The  ascent  of  the  piston  while  the  equilibrium  valve  is  open  is 
produced  by  a  slight  preponderance  of  the  weight  of  the  main  pump 
rod  and  its  load  above  the  weight  and  resistance  of  the  column  of 
water  which  the  plungers  raise.  The  energy  exerted  by  the  steam 
on  the  piston  during  ^e  down  stroke  is  stored  in  lifting  the  pump 
rod  and  its  load,  as  has  been  explained  in  Article  32,  page  37. 
The  cylinders  of  Cornish  engines  are  jacketed  above,  below,  and  all 
round,  and  clothed  with  felt  and  planking. 

In  direct  <MCting  non-rotative  pumping  engines  the  up  stroke  is 
the  effective  stroke,  the  steam  being  admitted  and  expanded  below 
the  piston,  then  passed  by  the  equilibrium  valve  from  the  bottom  to 
the  top  of  the  cylinder,  and  then  discharged  into  the  condenser. 
The  arrangement  of  the  mechanism  somewLuEtt  resembles  that  of  the 
water  pressure  engine  in  Article  132,  fig.  40— except  that  in  general 
the  piston  rod  proceeds  upwards  through  a  stuffing-box  in  ihe  cylin- 
der cover,  and  carries  at  the  top  a  cross-head,  firom  the  ends  of  which 
hang  links,  attached  at  their  lower  ends  to  the  cross-head  of  the 
pump  rod.  Another  arrangement  is,  to  have  a  pair  of  similar  and 
equal  cylinders,  standing  side  by  side,  whose  piston  rods  support  t]ie 
ends  of  a  cross-head,  lirom  the  middle  of  which  the  pump  rod 
hangs. 

381.  i>Miki«  AciiBg  PBBipiBg  BagiMs  aro  now  very  common,  in 
which  the  piston  rod  of  a  double  acting  pump  is  continuous  with 
that  of  the  engine.  Such  engines  are  rotative,  having  a  fly-wheel 
driven  by  means  of  a  crank  for  the  purpose  of  making  the  motion 
steady.     The  cylinder  and  pump  are  oft^  horizontaL 

382.  Bjcaaaple  of  Tcvtlcsl  larcited  Screw  Harlae  EBstaet. — FlgS. 
167  and  168  represent  the  pair  of  engines  of  the  ^'  Indian  Queen," 
by  Messrs.  Neilson  &  Co.  These  engines  have  been  selected  for 
the  purpose  of  illustration,  because  they  are  very  good  and  effi- 
cient specimens  of  engines  for  a  screw  merchant  steamer,  and  at 
the  same  time  contain  nothing  unusual  in  their  parts  or  arrange- 
ment* Fig.  167  shows  a  firont  elevation,  and  a  vertical  section  of 
part  of  the  forward  cylinder  and  part  of  the  valve  chest  Fig.  168 
is  a  side  elevation  looking  towards  ihe  head  of  the  ship.  The  scale 
is  -A-  of  the  real  dimensions.  Each  cylinder  has  an  ordinary  slide 
valve  moved  by  a  link  motion  (Article  348),  and  a  gridiron  ex- 

*  Through  iDadvertence,  figs.  167  and  168  hive  been  revened  as  to  right  and  left, 
so  that,  whUe  the  actual  engines  face  to  port,  the  figtute  show  them  as  iludog  to  starboard. 
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pansion  slide  valve  worked  by  a  separate  eccentric  (Article  350). 
The  cylinders  are  steam  jacketed,  and  also  clothed  in  felt  and 
wmL 

A,  A,  are  the  cylinders.  B, -part  of  the  piston  of  the  forward 
engina  C,  C,  cylinder  ports.  D,  exhaust  port  E,  ordinaiy  slide 
valve.     F,  gridiron  expansion  valve. 

G,  G,  G,  G,  are  the  eccentric  rods  of  the  two  link  moticms  for 
working  the  ordinary  slide  valves.     Of  these  rods  only  one  is  ^own 


Fig.  167. 


in  fig.  168.    H,  H,  eccentric  rods  of  the  two  expansi^i  valves, 
the  shaft.  gitSdbyVjOOgre 
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L,  in  fig.  167,  the  fore  crank  L,  in  ^g.  168,  the  after  crank,  dotted. 
M,  in  fig.  168,  the  aft  connecting  rod. 
N,  in  ^g.  168,  the  aft  piston  rod. 

In  fig.  167  the  piston  and  connecting  rods  are  hidden  hj  pillars  of 
the  frame  and  guidea     O  are  levers  driven  by  links  connected  with 


Pig.  168. 

the  piston  rod  heads  to  work  the  pumps.  P,  P,  air  pumps.  Q, 
condenser.     R,  hot  well  with  air  vessel  above. 

S,  S,  exhaust  pipes  of  cylinders. 

T,  T,  feed  pumps,  worked  by  rods  attached  to  cross-h^ds  on  the 
air  pump  trunks.  Digitized  by  CjOOQ Ic 
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Uy  wheel  to  turn  the  screw  which  shifts  the  links  of  tiie  link 
motions  when  the  engines  are  to  be  reversed  or  stopped,  the  yalye  rods 
being  at  rest  laterally. 

This  pair  of  engines,  when  mftlnng  75  revolutions  per  minute, 
with  a  ratio  of  expansion  of  5,  is  of  320  indicated  horse-power,  . 
and  bums  3  lbs.  of  coal  per  indicated  horse-power  per  hour;  the 
efficiency  of  the  steam,  and  of  the  furnace  and  boiler,  as  well  as  the 
rate  of  expansion,  being  almost  exactly  the  same  as  in  the  engines 
xeferred  to  in  Article  289,  Example  L,  pages  405,  406. 

Section  7. — Locomotive  Engines, 

383«  B«A«mice  tm  Pr«vto««  Avticics* — ^Besides  the  general  charac- 
teristics which  locomotive  engines  possess  in  common  with  other 
4steam  engines,  the  peculiarities  of  those  engines  have  been  frequently 
referred  to  in  previous  parts  of  this  work,  and  especially  in  the  fol- 
lowing places : — 

Article  229,  page  281  (supply  of  air  to  fuel). 

Article  230,  pages  282,  283  (distribution  of  air,  and  contrivances 
to  prevent  smoke.) 

Article  232,  page  2S5  (rate  of  combustion). 

Article  234,  Division  lY.,  pages  293  to  297,  especially  examples 
IV.,  v.,  VL,  VII.,  VIII.  (efficiency  of  furnace  and  evaporative 
power  of  fuel). 

Article  280,  pages  382,  383  ^back  pressure). 

Article  286,  page  396  (use  oi  heating  the  cylinder  externally). 

Article  289  a,  page  412  (use  of  high  pressure  condensation). 

Article  290,  pages  413  to  416  (resistance  of  the  regulator). 

Articles  303,  304,  305,  pages  449  to  452  (furnace  and  boiler). 

Article  306,  page  456  (grate  and  its  ash-pan). 

Article  308,  page  457  (height  of  furnace). 

Article  312,  page  459  (fire-box  stays). 

Article  312,  page  460  (tubes  and  boiler  shell). 

Article  315,  page  463  (boiler  room). 

Article  317,  page  465  (safety  valves). 

Article  341,  page  485  (throttle  valve). 

Article  347,  pages  491  to  496  (expansion  by  the  link  motion). 

384.  AdUbe«i*B  •f  Whe«i«. — ^The  tractive  efibrt  which  a  locomo- 
tive engine  can  exert  is  limited,  not  only  by  a  quantity  depending 
on  the  dimensions  of  the  cylinder  and  driving  wheels  and  the  effeo- 
tive  pressure  of  the  steam,  but  also  by  the  adhesion  between  the  driv- 
ing wheels  and  the  rails,  which  means  the  friction  between  them, 
acting  so  as  to  prevent  slipping.  If  the  resistance  of  the  load  drawn 
exceeds  the  adhesion,  the  wheels  turn  ro\iud  without  advancing. 

The  adhesion  is  equal  to  the  pi'oduct  of  that  part  of  the  weight  of 
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the  engine  which  rests  on  the  driving  wheels  into  a  co-efficient  of 
friction  which  depends  on  the  condition  of  the  sur&ces  of  the  wheels 
and  rails.  The  value  of  that  co-efficient  is  from  01 5  to  0*2,  when 
wheels  and  rails  are  clean  and  dry;  but  when  they  are  damp  and 
slimy,  or  in  the  condition  called  **  greasy/'  it  diminishes  sometimes 
to  0-07  or  0-05.  About  0-1  may  be  considered  an  average  ordinary 
-value. 

The  proportion  of  the  weight  of  the  engine  which  rests  on  the 
driving  wheels  depends  on  the  number  and  arrangement  of  the 
wheels,  the  number  of  pairs  driven  by  the  engine,  and'  the  distribu- 
tion of  the  load  upon  them.  The  number  of  wheels  ranges  from 
two  to  five  pairs — the  most  common  number  being  three  pairs— of 
these  from  one  pair  to  the  whole  are  driven  by  the  engine.  The 
proportion  of  the  weight  of  the  engine  which  rests  on  the  driving 
wheels  may  be  estimated  to  range  from  one-third  to  the  whole. 
One-half  is  probably  the  most  usual  proportion  in  six-wheeled 
engines  with  one  pair  of  driving  wheels  under  the  middle  of  the 
engine,  which  is  the  most  common  arrangement  in  passenger 
engines;  two-thirds,  in  six-wheeled  and  eight- wheeled  engines  with 
two  pairs  of  wheels  coupled  so  as  to  be  driven  by  the  engines, 
which  is  a  common  arrangement  in  goods  engines.  Engines  with  all 
the  wheels  coupled  are  used  for  slow  and  heavy  trains,  and  in  them, 
of  course,  the  whole  weight  rests  on  driving  wheels. 

The  weights  of  locomotive  engines  range  frx)m  5  to  40  tons  in 
extreme  cases ;  but  the  most  ordinary  weights  are  from  20  to  25  tons. 
When  the  stock  of  fuel  and  water  are  carried  in  a  tender,  the  weight 
of  the  engine  itself  is  alone  available  to  produce  adhesion,  unless, 
as  is  sometimes  the  case  on  very  steep  railways,  the  wheels  of  the 
tender  are  coupled  to  those  of  the  engine  by  gearing  chains  and 
pulleys.  Some  engines,  called  tank  engines,  cany  their  own  stock  of 
fuel  and  water — ^the  fuel  on  the  platform  behind  the  fire-box,  and  the 
water  in  a  tank  above  the  barrel  of  the  boiler— and  in  them  the 
adhesion  is  greatest  on  first  starting  from  a  station  where  fuel  and 
water  are  taken  in,  and  gradually  diminishes  as  the  stock  is  con- 
sumed. 

385.    Realalanc«   mf  Englacs   nmd   Tnitaa. — The    authority  now 

chiefly  relied  upon  for  the  resistance  of  engines  and  trains  on 
railways  is  that  of  a  series  of  experiments  by  Mr.  Gooch  on  the 
broad  gauge.  The  following  empirical  formula  represents  with 
tolerable  accuracy  the  results  of  those  experiments : — 

Let  E  be  the  weight  of  the  engine  and  tender  in  tans, 

T,  the  weight  of  the  train  in  tana. 

V,  the  velocity  in  miles  an  how. 

i,  the  inclination  of  the  line,  expressed  as  a  fraction;  ascents 
being  considered  as  positive,  and  descents  as  negative. 

2k 
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Beflistaiioe  of  the  train  in  lbs. 

=  [6  +  0-3  (V— 10)  =4=2240  4  T; (1.) 

Besistaiioe  of  the  engine  and  tender  in  Ibe. 

=  [12  +  0-6  (V—10)=±=2240t}E; (2.) 

Total  resistance  in  lbs. 

=  ■!  6+0-3  (V—10)}(T+2E)=!=2240i(T+]^ (3.) 

At  velocities  less  than  ten  miles  an  hour  the  tern^  oontwiing  V — 10 
is  to  be  omitted :  the  resistanoe  being  sensibly  constant  below  that 

Mr.  D.  K.  Clark  prefers  to  such  formula  as  the  above,  another 
set  of  foimulse  in  which  the  resistance  is  treated  as  consisting  of  a 
constant  part,  and  a  part  increasing  as  the  square  of  tiie  ^eed;  as 
follows ; — 

Besistance  in  lbs.  per  ton  of  engine  and  train;  road  and  canuige» 
in  smooth  running  condition;  weather  calm; 

6  +  ^=S=2240i; (4.) 

Hoad  and  carriages  not  in  smooth  running  condition;  side  wind; 

9  +  ~^22i0i; (5.) 

The  resistance  on  a  curve  exceeds  that  on  a  straight  line,  accord- 
ing to  experiments  by  different  authors,  to  the  amount  of 

from  0-6  lb.  to  1-4  lb.  per  ton  .^  . 

radius  of  curve  in  miles      ^  "^ 

To  allow  for  the  resistance  of  the  mechanism  of  the  engine,  Mr. 
Clark  adds  one-third  to  the  resistance,  as  calculated  abova 

The  mean  effective  effort  of  the  steam  on  the  pistons  required  to 
overcome  a  given  total  resistance  of  engine  and  train  is  given  by  the 
following  equation,  in  which  A  is  the  total  area  of  both  pistons,  and 
p^  — jPj  tibe  Tnean  ^ective  pressure. 

Total  resistance  x  circumference  of  driving  wheel    ,qx 
A(p.-^)=  2  X  length  of  stroke  of  piston  ^    ^ 

(See  page  538.)  ^  ^ 

386.  The  B«nuicia«  •f  ■■«!»«•»  both  as  to  centrifugal  forces  and 
centrifugal  couples,  is  of  great  importance  as  a  means  of  preventing 
dangerous  oscillations.  The  principle  according  to  which  ib  is 
effected  is,  to  conceive  the  mass  of  the  pistons,  piston  rods,  and 
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oonneeting  rods,  and  a  wei^^t  lunring  the  same  statical  momeBt 
as  the  cranjcy  as  concentrated  at  the  ctank  pins,  and  to  insert 
between  the  spokes  of  the  driving  wheels  counterpoises  whose 
weights  and  positions  are  regulated  bj  the  princijdea  explained  in 
Articles  21  and  22,  pages  27  to  30. 

The  following  are  the  formuls  to  which  these  principles  lead:— 

"Daoa — 

W,  total  weight  conceived  to  be  concentrated  at  one  cMnk  pin. 

0,  length  of  the  crank,  measured  from  the  axis  of  the  aade  to  the 
oentre  of  the  crank  pin. 

a,  distance  of  the  centre  of  the  crank  pin,  measured  pandlel*to  the 
aade,  ftom  the  middle  of  the  length  of  the  axla 

b,  distance  of  the  centre  of  a  whe^  from  the  middle  of  the  length 
of  tiie  axle. 

r,  radius-vector  of  eadi  counterpoise;  being  the  distance  of  its 
oentre  of  gravity  fix>m  the  axis  of  tibie  axle. 

Ejbquibed — 

i,  angle  which  that  radius-vector  mekm  with  a  plane  traversing 
the  axis  in  a  direction  midwaj  between  the  directions  of  the  two 
cranks,  and  pointing  the  opposite  way  to  those  directiona  The 
cranks  being  at  right  angles  to  each  other,  make  angles  of  135^  with 
the  plane  in  question. 

w,  weight  of  each  counterpoise. 

Rbsxtlts— 

i  =7 are  tan  *  vj.. (1.) 


b' 


.(2.) 


In  practice,  those  formtdse  may  be  used  to  find  a  nrst  approxi- 
mation to  the  required  position  and  weight  of  the  counterpoises; 
but  the  final  adjustment  is  always  performed  by  trial;  the  engine 
being  hung  up  by  chains  attached  to  the  four  comers  of  its  frame, 
and  the  machinery  set  in  motion :  a  pencil  attached  to  the  frame 
near  one  angle,  marks,  on  a  horizontal  card,  the  form  of  the  oscilla- 
tions, being  usually  an  oval;  and  the  counterpoises,  are  adjusted 
until  the  orbit  described  by  the  pencil  is  reduced  to  the  least 
possible  magnitude.  When  the  adjustment  is  successful,  the 
diameter  of  that  orbit  is  reduced  to  about  it  of  an  inch. 

387.  The  mimmt  Pip«  has  the  effect  of  adjusting  the  draught  of 
the  furnace,  and  consequently  the  rate  of  consumption  of  fuel,  to 
the  work  to  be  performed  by  the  engine  with  very  different  loads, 
and  at  very  different  speeds;  and  is  on  that  account  perhaps  the 
most  important  of  the  peculiar  parts  of  the  locomotive  enginei 
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Its  effect  upon  the  back  pressure  in  the  cjlindw  has  alreadj  been 
considered  in  Article  280,  pages  382,  883. 

The  effect  of  the  blast  pipe  in  producing  a  draught  depends  upon 
its  own  diameter  and  position,  on  the  diameter  of  the  chimney,  and 
on  the  dimensions  of  the  fire-box,  tubes,  and  smoke-box.  Mr.  D.  K. 
Clark  has  investigated  the  influence  of  these  circumstances  from 
his  own  experiments,  and  from  those  of  Messrs.  Bamsbottom^ 
Poloncean,  and  others,  and  has  shown  that  the  vacuum  in  the 
smoke-box  is  about  0*7  of  the  blast  pressure :  that  the  vacuum  in 
the  fire-box  is  from  ^  to  }  of  that  in  the  smoke-box :  tiiat  the  rate 
of  evaporation  varies  nearly  as  the  square  root  of  the  vacuum  in 
the  smoke- box :  that  the  best  proportions  of  the  chimney  and  other 
parts  are  those  which  enable  a  given  draught  to  be  produced  with 
the  greatest  diameter  of  blast  pipe,  bemuse  the  greater  that 
diameter,  the  less  is  the  back  pressure  produced  by  the  resistance 
of  the  orifice :  that  the  same  proportions  are  best  at  all  rates  of 
expansion  and  at  all  speeds:  and  that  the  following  proportions 
are  about  the  best  known: — 

Sectional  area  of  tubes  within  ferules, =  y,  area  of  grate. 

Sectional  area  of  chimney, =  ^  area  of  grate. 

Area  of  blast  orifice  (which  should  he\       ^ 

somewhat   below  the    throat  of   the  >  =  ^  area  of  grate, 
chimney,) )      ^^ 

Capacity  of  smoke-box, =  3  feet  x  area  of  grate. 

Length  of  chimney, =its  diameter  x  4. 

If  the  tubes  are  smaller,  the  blast  orifice  must  be  made  smaller 
also;  for  example,  if 

Sectional  area  of  tubes  within  ferules =  —  area  of  grate, 

Then  area  of  blast  orifice ~Q?i  area  of  grata 

388.  Kmmples  •f  iiOc«m«Uire  BairinM. — The  examples  here  given 
are  from  two  locomotive  engines  by  Messrs.  Neilson  cfe  Co.,  which  are 
selected,  like  the  screw  marine  engines  of  Article  382,  because  they 
are  good  and  efficient  specimens  of  the  class  of  engines  to  which 
they  belong,  and  have  nothing  unusual  in  their  proportions  and 
arrangements. 

Fig.  169  is  a  side  view  copied  from  a  photograph  of  a  six-wheeled 
engine,  with  two  pairs  of  wheels  coupled.  Its  scale-is  about  ^  of 
the  real  dimensions.  Digitized  by  vjOOglC 
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Fig.  170  is  a  longitudinal  section  of  an  engine  of  the  same  olaas 
with  the  preceding,  but'with  somewhat  larger  driving  wheels,  being 


Fig.  169. 

intended  for  a  less  steep  line  and  higher  speeds.  The  scale  is  ^  of 
the  real  dimensions.     The  details  of  the  valve  gearing  are  omitted. 

Eig.  171  shows,  at  the  left-hand  side,  a  cross-section  through 
half  Uie  fire-box,  and  at  the  right-hand  side,  a  cross-section  through 
half  the  smoke-box,  of  the  same  engine. 

Fig.  172  is  an  elevation  of  the  valve  gearing  of  one  cylinder, 
with  the  cover  taken  off  the  valve  chest  to  show  the  slide  valve  and 
ports. 

Fig.  173  shows  a  plan  of  the  valve  gearing  of  one  cylinder,  and 
a  longitudinal  section  of  the  cylinder  and  valve  chest. 

The  scale  of  figs.  171,  172,  and  173,  is  it  of  the  real  dimen- 
sions. 

A  is  the  ash-pan;  B,  the  grate;  C,  the  fire-box.  In  fig.  170, 
the  heads  of  the  bolts  which  tie  the  outer  and  inner  shells  of  the 
fire-box  together  are  irregularly  placed;  but  that  is  an  oversight 
in  the  engraving;  they  ought  to  be  ranged  in  vertical  and  hori- 
zontal lines.     D  is  the  fire-door. 

£  are  the  tubes,  extending  from  the  fire-box  to  the  smoke-box 
F.     G  is  the  lower  end  of  the  chimney. 

I  is  one  of  the  horizontal  feed  pumps,  worked  by  a  link  from  one 
of  the  eccentrics.  H  is  the  supply  pipe  from  the  water  tank  of  the 
tender;  K,  the  feed  pipe,  leading  to  the  boiler. 

L  is  the  water  space  round  the  fire-box;  M,  the  water  space  and 
steam  space  above  it. 

N  are  longitudinal  ribs,  to  which  the  crown  of  the  fire-box  is 
stayed,  as  explained  in  Article  312,  page  459.    The  crown  receives 
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additional  support  from  vertical  stay  bars,  hanging  from  the  sides 
of  the  steam  dome. 


Fig.  171. 

O  is  the  space  above  the  tubes,  in  the  barrel  of  the  boiler.  P  is 
the  steam  dome,  on  the  top  of  the  external  shell  above  the  fire-box. 
This  part  of  the  shell  in  the  engine  represented  is  of  a  radius  a 
little  greater  than  the  barrel  of  the  boiler;  but  in  many  engines 
(for  example^  those  of  Messrs.  Eatson  &  Co.)  it  is  made  of  the  same 
radiu& 
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Q  is  one  of  the  safety  valves.  The  other  safety  valve  is  omitted 
in  fig.  170,  but  shown  in  fig.  169,  as  standing  on  the  middle  of  the 
barrel  of  the  boiler. 

R,  R,  R,  is  the  steam  pipe,  bringing  steam  down  from  the  dome, 
and  along  the  top  of  the  barrel. 

S,  S,  the  regulator,  a  conical  valve  worked  by  a  screw.  T, 
branch  steam  pipe;  U,  slide  valve  chest;  V,  slide  valve;  W,  "W, 
cylinder  ports;  X,  cylinder;  Y,  exhaust  port;  Z,  exhaust  pipe. 
The  two  exhaust  pipes  unite  in  the  blast  pipe  a. 

b,  piston;  c,  piston  rod;  d,  connecting  rod,  driving  a  crank  on 
the  front  driving  axle/;  e,  coupling  rod,  connecting  cranks  on  the 
front  driving  sude /,  and  hind  driving  axle  h,  g,  front  driving 
wheel;  k,  hind  driving  wheel. 

I,  forward  eccentric,  and  m,  backward  eccentric,  of  the  left  slide 
valve,  n,  forward  eccentric  rod;  o,  backward  eccentric  rod.  These 
rods  are  jointed  to  the  two  ends  of  the  lihk  />,  which  is  jointed  at 
the  centre  to  and  supported  by  a  nearly  vertical  bridle  or  lever, 
oscillating  about  a  fixed  centre,  ris  the  slide  valve  rod,  and  q  t^e 
connecting  rod,  through  which  the  rod  r  receives  moidon  from  a 
slider  in  the  link  p.  The  radius  of  the  centre  line  of  the  link  is 
the  length  of  the  rod  q.  The  slider  and  the  rod  q  are  shifted  into 
different  positions,  so  as  to  alter  the  expansion  or  reverse  the  engine 
when  required  (as  explained  in  Article  348,  page  497)  by  means 
of  the  rod  s,  connected  with  the  lever  t  A  pair  of  those  levers,  to 
{uHi  on  the  two  link  motions  at  once,  project  from  the  rocking  shaft 
u.  On  the  left-hand  outer  end  of  that  shaft  is  a  vertical  lever, 
connected  through  a  long  rod  v  (partly  seen  in  fig.  170),  with  the 
reversing  handle  tr,  by  means  of  which  the  engine  driver  controls 
the  link  motion. 

In  the  figure,  the  reversing  handle  is  eimply  a  lever:  but  in 
many  engines  as  now  constructed,  it  acts  on  the  rod  v  by  means  of 
a  screw,  which  is  safer  and  more  convenient. 

X,  X,  Xy  are  the  springs ;  y,  a  balance  le<^er  to  distribute  the  load 
equally  between  the  two  pairs  of  driving  wheels,  notwithstanding 
irregularities  in  the  surface  of  the  i-ails;  Zy  training  axle  and  wheeL 

389.  IiOc«molire  £nKln«a  for  €cnini«n  Roads  were  invented  by 
Mr.  Gurney,  Sir  James  Anderson,  Mr.  Scott  Russell,  and  others. 
For  many  years  they  fell  into  disuse ;  but  have  been  revived  in 
the  form  of  "  traction  engines."  These  machines  are  adapted  to 
drawing  trains  of  heavily  laden  vehicles  at  a  low  speed,  such  as 
four  or  five  miles  an  hour.  To  insure  that  the  driving  wheels 
^shall  take  a  sufficient  hold  of  the  road,  without  injuring  its  surface, 
they  are  made  very  broad  in  the  tire,  sometimes  as  much  as  a  foot, 
and  are  sometimes  transversely  or  obliquely  ribbed.  The  ti-action 
engine  or  road  locomotive  of  Mr.  R.  W.  Thomson,  has  on  each  of 
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the  wheels  an  indian  rubber  tire,  about  12  inches  broad  and  5 
inches  thick.  These  are  found  to  answer  well  on  all  sorte  of 
ground,  hard  and  soft,  rough  and  smooth.  (See  The  Enginesr^  4th 
&ptember,  1868,  page  191.) 

Section  S.^0/ Steam  Turbines. 

390.  The  B«MtiMi  simm  BaciB«,  in  a  rude  form^  is  described  in 
the  FneumcUics  of  Hero  of  Alexandria.  It  was  iiD{»x>Ted  and 
brought  into  use  to  a  limited  extent  by  Mr.  Ruthven.  Its  principle 
and  mode  of  action  are  analogous  to  those  of  a  reaction  watinr  wheel 
(Article  171,  page  190;  Article  176,  page  197.) 

391.  The  Fan  8tcaM  En|(ia«,  invented  by  Mr.  William  Gknman, 
is  analogous  in  its  principle  and  mode  of  action  to  an  inwmnd  ficw 
water  turbine,  (Article  171,  page  191;  Article  173,  page  193; 
Article  174,  pages  194,  195,  196,  <bc.)  An  engine  of  this  kind 
was  used  at  the  Glasgow  City  Saw  Mills,  and  was  considefed 
equal  in  efficiency  to  an  ordinary  high  pressure  engine. 


Addendux  to  Article  385,  page  530. 

C— atar-prti— wre  Sieavi  tai  Ii»coftlT«i.— Steam  is  said  to  act  by 
•counter-presauref  when  the  valves  are  put  in  backward  gear  during  tiw 
forward  motion  of  the  engine,  so  as  to  make  the  cyUnders  communicate  with 
the  eihaust-pipe  during  the  forward  stroke,  and  with  the  boiler  during  the 
latter  part  of  the  return  stroke.  The  cylinders  thns  act  as  pumps,  forcing 
vapour  into  the  boiler  against  the  pressure  there.  The  use  of  that  action  is 
to  do  the  duty  of  a  brake,  in  retaraing  or  stopping  the  train  when  reqoirsd, 
and  in  preventioj;  excessive  acceleration  on  descending  gradients. 

When  the  cylinders,  acting  in  this  manner,  used  to  draw  in  air  at  the 
blast-pipe  and  force  it  into  the  boiler,  great  injury  was  done  by  the  dust 
and  heat.  In  order  to  prevent  that,  M.  le  Chatelier  mtroduced  the  system  of 
supplying  the  exhaust-pipe  of  each  cylinder,  when  working  at  oounto^ 
pressure,  with  a  mixture  of  liquid  water  and  steam  from  the  b<Hler,  in 
quantity  sufficient  to  cause  a  slight  escape  of  steam  from  the  blaat-pipe,  and 
tnus  to  prevent  the  entrance  of  hot  air  and  dust  The  hquid  water  and 
steam  are  led  from  the  b<Hler  to  the  exhaust-pipes  through  tubes  about  (  or 
|-inch  diameter,  with  suitable  cocks  or  valves  to  adjust  the  quantities  sup- 
plied. The  water,  daring  the  forward  stroke  of  the  piston,  expands  into 
steam  of  atmospheric  pressure,  filling  the  cylinder,  and  partly  escaping  at 
the  blast-pipe ;  during  the  return  stroke  that  steam  is  compressed  tiU  it 
rises  to  a  high  pressure,  and  is  then  forced  back  into  the  boiler.  (See  M.  le 
Chatelier's  M6moire  mr  la  Marche  d  Conire-Vcpeur  des  Marines  Loco- 
motivfs,  Paris,  1869;  also  the  English  translation  of  that  Memoir,  by  Mr. 
Lewis  D.  B.  Gordon,  entitled  EaMway  Economy^  Edinbui^h,  1869.) 
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PART  IV. 

OP  ELECTRO-MAGNETIC  ENQINBa 


392.  latM^aetmr  Beauurka. —  Although  the  principles  of  the 
development  of  mechanical  energy  from  chemical  action  through 
the  agency  of  electric  and  magnetic  forces  might  be  made  the  sub- 
ject of  a  voluminous  ti'eatise  which  would  be  highly  interesting  in 
a*  scientific  point  of  view,  the  amount  of  experience  of  the  actual 
working  of  electro-magnetic  engines  is  not  yet  sufficient  to  supply 
those  data  which  are  necessary  in  order  to  render  such  a  treatise 
practically  valuabla  -In  the  present  work,  therefore,  a  brief  outline 
only  of  those  junnciples  will  be  given,  illustrated  by  descriptions 
of  three  forms  of  engine,  two  of  which  are  selected  on  account 
of  tiieir  simplicity,  and  probable  efficiency,  though  hitherto  used 
as  pieces  of  philosophical  apparatus  only;  and  the  thirds  on 
account  of  its  having  been  for  some  years  in  practical  operation. 

The  experimental  data  to  be  afterwards  referred  to  are  for  the 
most  part  due  to  the  researches  of  Dr.  Joule  and  Dr.  Andrews. 
The  theory  of  the  subject  was  first  correctly  set  forth  by  Professor 
Helmholtz,  and  Professor  William  Thomson,  in  a  series  of  papers 
published  respectively  in  Poggendorff*s  Annalenf  and  in  the 
FhiloBophical  Trctnsactions  and  PhUoaophical  Magaaine,  especially 
two  papers  in  the  Fh/Uosophical  Magazine  for  December,  18al. 
The  summary  of  that  theory  which  will  be  given  is  in  the  main 
extracted  from  a  ps^per  by  the  Author  of  this  work  ''On  the  General 
Law  of  the  Transformation  of  Energy"  {Phil.  Mag,,  1853). 

393.  BMcvgf,  Acinal  andi  Potential. — Energy  has  been  defined  in 
Article  25,  page  32;  and  the  distinction  between  actual  and 
potential  energy  has  been  explained,  so  far  as  it  relates  to  mechan- 
ical energy,  or  energy  of  motion  and  of  force  tending  to  produce 
motion,  in  l^e  same  Article,  and  in  Article  31,  pages  35,  36.  It  has 
further  been  explained  in  Article  196,  page  224,  and  AjHacles  235, 
236,  pages  299,  300,  that  heat  is  a  form  of  energy.  In  order  to 
understand  the  application  of  certain  general  laws  respecting  energy 
to  electricity  and  magnetism,  the  definitions  of  energy,  actual  and 
potential,  must  be  extended  so  as  to  become  perfectly  general  and 
abstract,  as  follows : — 

A  capacity  for  performing  work  is  to  be  called  actual  energy, 
when  it  consists  in  a  state  of  present  aetivity  of  a  substance,  such 
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as  motion,  beat,  current  electricity;  and  potkntial  ehebot,  wHen 
it  consists  in  a  tendency  of  a  certain  magnitude  towards  a  change 
of  a  certain  magnitude,  such  as  mechanical  potential  eneargy  (that 
is,  weight  or  pressure  capable  of  acting  through  a  given  space), 
chemical  afl^ity,  electricaJ  tension,  magnetic  tension. 

The  general  law  of  the  tramformation  of  energy  has  already  been 
stated  in  Article  244,  page  309.  The  principles  which  will  be 
explained  in  the  sequel  are  instances  of  its  application  to  the  actoal 
energy  of  current  electricity,  and  the  potential  energy  of  electro- 
magnetic attraction. 

394.  The  Earrgy  •f  Chcaiical  Acitoa  is  the  souToe  of  the  power 
of  electro-magnetic  engines,  as  it  is  of  that  of  heat  enginesL 
Chemical  affinity^  or  the  tendency  of  two  substances  to  combme 
chemically,  is  a  sort  of  potential  energy,  which,  when  the  substanoeB 
actually  do  combine,  is  replaced  by  actual  enei^  in  the  form  of 
heat,  or  of  current  electricity,  or  of  both  combined.  Examples  of 
the  quantities  of  energy  in  the  form  of  heat  produced  by  the  com- 
bination of  various  substances  with  oxygen  have  been  given  under 
the  head  of  "  Combustion,"  in  Articles  223,  224,  pages  267  to  373; 
and  those  quantities  can  be  expressed  in  foot-pounds  of  energy 
by  multiplying  by  Joule's  equivalent  of  a  British  thermal  uiut^ 
772. 

It  is  sometimes  difficult  or  impossible  to  obtain  the  whole 
energy  produced  by  a  given  chemical  combination  at  once  in  the 
form  of  heat  In  that  case,  the  energy  may  be  obtained  first 
in  the  form  of  current  electricity,  and  reduced  afterwards  to  the 
form  of  heat 

The  following  are  the  data  of  the  greatest  importance  in  tiie 
theory  of  electro-magnetic  engines : — 

L  Energy  developed  by  the  solution  of  one  lb.  of  rinc  in 
Daniell's  battery,  the  liquid  in  the  cells  being  a  solution  of  sul- 
phate of  copper  in  water^ 

British  thennal 


Heat  produced  by  the  combination  of  zinc  with 
oxygen  and  sulphuric  acid,  and  the  solution  of 
the  compound  in  water, 3006 

Deduct — 
Heat  consumed  in  separating  copper  in  the  solid 
state  from  the  solution  of  sulphate  of  copper  in 
water, 1587 

1419 

1419  X  772  =  1,095,468  foot-lba  per  lb.  of  aiggl^ 
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T\aa  is  less  Hum  one-terUh  of  the  total  enei^  developed  by  burn- 
ing one  lb.  of  carbon. 

IL  Energy  developed  by  the  solution  of  one  lb.  of  zinc  in  Smee's 
battery^  the  liquid  in  the  cells  being  dilute  sulphuric  acid — 

British  thermal 
miits. 
Heat  produced  by  the  combination  of  zinc  with  \ 

oxygen  and  sulphuric  acid,  and  the  solution   of  >   3006 
the  compound  in  water, j 

Deduct — 

Heat  consumed  in  separating  hydrogen  from  diluted  ) 
snlphuric  acid, j    2106 

900 
900  X  772  =  694,800  foot-lbs.  per  lb.  of  zina 

l^iis  is  about  one-8ixteerUh  paH  of  the  energy  developed  by  burn- 
ing one  lb.  of  carbon. 

895.  CoMparatlTC  €••«  •€  W«rklafe  Bleclr^-ouicactlc  B«f|aes  ukl 
WUmn  Bn|(incs. — It'  is  certain  that  the  ejffidency  can  be  made  to 
approximate  much  more  nearly  to  unily^  the  limit  of  perfection,  in 
electro-magnetic  engines  than  in  heat  engines.  At  present,  how- 
ever, the  ratio  of  their  efficiencies  can  only  be  roughly  estimated; 
and  it  may  be  considered  as  a  fsivourable  view  towards  electro- 
magnetic engines,  to  estimate  their  greatest  possible  efficiency  as 
fowr  timea  that  of  the  best  heat  engines  yet  Imown.  Taking  this 
into  aocoimt  along  with  the  results  of  the  calculations  in  the  pre- 
ceding Article,  it  appears  that  the  work  performed  per  pound  o/zine 
eontvmed  may  be  estimated  as  follows : — 

I.  With  solution  of  sulphate  of  copper  in  the  cells,  A  of  the 
work  per  lb.  of  carbon  consumed  in  a  heat  engina 

IL  With  dilute  sulphuric  acid  in  the  cells,  iV  =  i  of  the  work 
per  lb.  of  carbon  consumed  in  a  heat  engine. 

Before,  therefore,  electro-magnetic  engines  can  become  equally 
economioJ  with  heat  engines  as  to  cost  of  working,  their  working 
expense  per  lb.  of  zinc  consumed  must  fall  until  it  is  from  four- 
tenths  to  oim  quarter  of  the  working  expense  of  a  heat  engine  per 
lb.  of  carbon,  or  of  coal  equivalent  to  carbon. 

The  present  price  (September,  1859)  of  sheet  zinc  is  between 
fifty  and  sixty  times  that  of  such  coaL 

It  is  evident  from  these  facta  and  calculations,  that  electro- 
magnetic engines  never  can  come  into  general  use  except  in  cases 
where  the  power  required  is  so  small  that  the  cost  of  material 
consumed  is  of  no  practical  importance,  and  the  situation  of  the 
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machinery  to  be  driTen  is  sncb  as  to  make  it  rvrj  deaimble  to  have 
a  prime  mover  without  a  furnace. 

396.  An  jBiMtM-ciMMicAi  ciMsit  consistB  of  &  battery,  wi&  a 
conductor  connecting  its  two  ends;  and  its  anangement  may  be 
represented  symbolioilly  as  follows : — 

CLZCLZCLZCLZ 


This  represents  a  battery  of  four  cdls,  each  cell  being  denoted  by  the 
symbol  C  L  Z.  Z  denotes  a  plate  of  zinc,  the  substance  to  be  dis- 
solved; L  the  solvent  liquid,  containing  the  substances  that  combine 
with  the  zinc;  C  a  plate  of  copper,  silver,  or  some  such  metal  which 
has  less  affinity  for  the  solvent  than  the  zinc  has,  and  which  acts 
merely  as  a  conductor.  The  brace  ^— v— '  represents  symbolically  a 
metallic  wire  connectisg  the  endsofilie  battery.  The  chemical 
action  of  the  solvent  on  the  zinc  puts  the  entire  oiroaib  into  a 
peculiar  condition  described  by  saying,  that  titers  ia  a  cwrrmU  of 
posiiim  dedricity  circulating  through  it,  in  each  cell,  from  Z  tbroti^ 
L  to  C,  and  in  the  conductor  *— v-^  from  C  to  Z:  not  that  tibe 
existence  of  the  so-called  electric  fluid  or  fluids  haa  be^i  proved, 
but  that  the  use  of  terms  borrowed  from  those  which  commonly 
denote  the  motion  of  fluids  is  a  convenirait  way  of  desoribing 
electrical  phenomena;  The  endmost  portions^  of  the-  condoctoE^ 
where  it  joins  the  battery,  are  called  the  eleoirode»;  the  positive 
electrode  joining  C,  the  n^ative  Z. 

The  strength  of  the  electric  current  is  a  quantity  proportional  to 
the  weight  of  some  standard  substance  which  it  is  capable  of 
decomposing  in  an  unit  of  time.  It  is  expressed  in  umt§  of  sudi  a 
kind,  that  a  ciurent  of  unit  strength  decomposes 

*02  grain  of  water  per  second,  or 
•0103  lb.  of  water  per  hour. 

The  strength  of  the  current  produced  by  a  given  battery  is  pro- 
portional to  the  quantity  of  zinc  dissolved  in  a  given  time  in  one 
cell.  To  produce  a  current  of  uuit  strength  requires  the  consump- 
tion in  each  cell  of 

•0728  grain  of  zinc  per  second,  or 
*03744  lb.  of  zinc  per  hour. 

Let  y  denote  the  strength  of  the  current;  z  the^^rinc  opnsumed 
per  cell  per  hoitr,  in  lbs. ;  then  9  '"^^  ^y  vjOOg 
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"  =  ^08744 ^^> 

The  deciro-motive  force  of  a  batteiyis  a  quantify  such,  that  when 
it  is  multiplied  by  the  strength  of  the  current,  the  product  is  the 
energy  produced  by  the  battery  in  a  given  time  (such  as  an  hour). 
It  is  proportional  to  the  number  of  oella 

Let  M,  then,  denote  the  electro-motive  force  of  one  cell,  n  the 
number  of  cells;  also,  let  E  be  the  energy  developed  per  lb.  of  zinc 
consumed,  as  stated  in  Article  394;  then 

Mwy  =  En«. (2.) 

So  that 

M  =  -03744  E  =  for  DMiiell*»  battery,  41014 ; )       ,3  v 
for  Smeo's  b«ttBiy,      26013.  J  ""^  '^ 

In  these  viUues  of  M,  it  is  to  be  borne  in  mind,  that  the  unit  of 
force  is  one  pound  weighty  and  the  unit  of  time  an  hmr.  In  Pro- 
fessor Thomson's  papers,  t^e  unit  of  force  is  -^j-^  of  the  weight  of 

a  grain,  and  the  unit  of  time  a  second 

The  heat  produced  in  a  given  time  by  a  given  current  in  the 
same  circuit  is  proportional  to  the  square  of  the  strength  of  the 
current.     That  quantity  of  heat,  then,  is  expressed  by 

Ry2; (4.) 

Where  R  is  a  quantity  called  the  resistance  of  the  circuit,  being  the 
heat  developed  in  it  in  an  unit  of  time  by  a  current  of  unit 
strength. 

The  resistance  of  a  circuit  is  the  sum  of  the  resistances  of  the 
various  parts  of  which  it  consists,  comprehending  the  plates  and 
liquid  of  the  cells,  and  the  conductor  which  completes  the  circuit 
The  resistances  of  conductors  made  of  a  given  substance  are  directly 
as  their  lengths  and  inversely  as  their  sectional  areas,  or  directly  as 
the  squares  of  their  lengths  and  inversely  as  their  weights.  Let  I 
be  the  length  of  any  one  conductor  in  a  circuit,  in  feet,  whether 
solid  or  liquid;  to  its  weight,  in  lbs. ;  tiien 

»==e^; (5> 

where  e  is  a  co-efficient  depending  on  the  material,  and  called  the 
specific  resistance  of  ihai  material     Frofsssor  Thomson  gives  values 

of  e  in  which  the  imit  of  force  is  -oo-o  of  a  grain  weight,  the  unit 

32-2  *^  igtized  by  Google 
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of  mass,  that  of  a  grain,  and  the  unit  of  time  one  second:  to 
reduce  these  to  values  in  which  the  unit  of  force  is  one  pound 
weighty  the  unit  of  mass,  that  of  a  pound,  and  the  unit  of  time 
one  hour,  they  are  to  be  multiplied  bj 

8600 
82-2X49000000* 

The  following  are  examples  of  the  results  of  that  reduction  for 
temperatures  of  50**  Fahrenheit : — 

Copper  wire, ^  =  from  176  to  128. 

Mercury, ^  =  10,356. 

When  the  circuit  produces  no  chemical  decomposition  out  of  the 
cells,  no  magnetic  induction,  and  no  mechanical  or  other  external 
work,  the  whole  of  the  energy  developed  by  the  chemical  action  in 
the  cells  takes  the  form  of  heat  in  different  parts  of  the  circuit. 
This  &ct  is  expressed  by  the  following  equation : — 

En«  =  Mny=Ry«; (6.) 

one  of  the  consequences  of  which  is  the  following : — 

Mn. 
^  =  -R' (7) 

or,  the  strength  qfthe  current  is  directly  as  Hie  electro-^mjotivejbrce  and 
inversdy  as  the  resistance  of  the  circuit;  being  the  celebrated  prin- 
ciple known  as  "  Ohm's  Law." 

Another  consequence  shows  the  rapidity  of  chemical  action  in  a 
given  circuit,  viz. : — 

M  n  V      M^  n^ 

•**=  -ns^  "  ER" (^) 

397.  EactoBcf  •f  ElectM-MmcBciic  BagiiMa. — Equations  1,  2,  3, 
4,  and  5  of  Article  396  are  applicable  to  all  electro-diemical  circuits 
whatsoever.  Equations  6,  7,  and  8  are  applicable  only  to  an  idle 
battery,  as  it  may  be  called,  in  which  all  the  energy  is  spent  in  pro- 
ducing heat  in  the  materials  of  the  circuit 

An  electric  circuit  may  move  mechanism  against  resistance  and 
80  perform  mechanical  work,  in  three  waya 

I.  By  the  mutual  attractions  and  repulsions  of  currents,  or  of 
parts  of  one  current.  Currents  in  the  same  direction  attract,  and 
currents  in  contrary  directions  repel  each  other.  This  method  has 
been  used  in  philosophical  apparatus  only. 

II.  By  the  attractions  and  repulsions  between  currents  and  per- 
manent magnets.     A  magnet  placed  with  its  south  pole  towards  the 
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€(ye  of  the  spectator  attracts  currents  whose  direction  is  that  of 
right-handed  revolution  relatively  to  its  axis,  and  repels  those 
whose  direction  is  that  of  left-handed  revolution. 

III.  By  the  attractions  and  repulsions  between  temporary  and 
permanent  magnets.  A  conductor  coiled  round  a  sofb  iron  bar, 
when  a  current  is  sent  through  it,  magnetizes  the  bar  in  that  direc- 
tion which  makes  it  attract  the  current,  according  to  the  principle 
stated  above  under  head  II.;  when  the  current  ceases  the  magnetism 
ceases ;  when  the  current  is  reversed  the  direction  of  the  magnetism 
is  reversed.  Opposite  poles  of  magnets  attract,  similar  poles  repel 
each  other;  so  that  by  periodically  reversing  tiie  temporary  mag- 
netism of  a  soft  iron  bar,  it  may  be  made  to  take  a  reciprocating 
motion  towards  and  from  a  permanent  magnet. 

lY.  By  the  mutual  attractions  of  temporaiy  magnet& 

The  efficiency  of  the  engine  in  all  those  cases  is  governed  by  two 
principles :  1.  The  per/ormofnce  of  external  work  by  an  electric  circuU 
prodficee  a  cotmteractive  force,  oppoemg  the  electromctive  force,  whose 
magrUttide  is  eqtuU  to  the  external  t4x>rk  performed  in  an  unit  of  time 
divided  by  the  strength  of  t?ie  current. 

Let  XJ  be  the  external  work  performed  in  an  hour  by  the  engine. 
This  gives  rise  to  a  certain  counteractive  force,  which  causes  the 
current  to  be  of  less  strength  than  that  which  the  battery  produces 
when  idle.  Let  y  be  the  strength  of  the  current  in  the  idle  circuit, 
as  given  by  equation  6  of  Article  396;  and  y'  the  strength  when  the 
work  XJ  is  performed  per  hour.     Then  the  counteractive  force  is, 

XJ^-y' 

and  the  strength  of  current  y*  is  the  same  as  if  the  electromo- 
tive force,  instead  of  being  M  n,  were  Mn ;;  that  is  to  say, 

Mn      JCr 

y 

This  principle  might  be  deduced  as  a  consequence  from  the  law 
of  the  conservation  of  energy;  for  multiplying  equation  1  by  y '  B, 
and  transposing,  we  find, 

U  =  Mny'— Ity'2; (2), 

which  expresses,  ikaJb  the  useful  work  of  the  engine  is  the  excess  of  the 
whole  energy  devdopedin  the  baUery  M  n  y',  c^Hwe  the  energy  wasted 
in  prodtudng  heat  R  y'^. 

2.  A  second  principle  is,  thai  the  attractions  amd  repulsions  pro- 
duced by  a  given  circudt  and  apparatus  arranged  in  a  given  way 
are  proportional  to  the  square  of  the  strength  of  the  current  (a  law  dis- 
covered by  Mr.  Joule);  so  that  we  may  make 

2n 


"=-!:— 7R' (1). 
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XJ  =  Ay'«, (3.) 

where  A  is  a  &ctor  depending  on  tihe  apparatus  used.     Hence 
equation  2  becomes 

Ay'«  =  Mny'  — Ry'« (4) 

Pivide  by  y'  and  transpose;  then 

Mn 


y  = 


A  +  R*' 


Hence  are  deduced  the  following  expressions : 
Por  the  rapidity  of  the  chemical  action, 


S) 

[«y' 

iengix 

.Ay' 
M» 

MPn* 

For  the  useful  work, 

"E(A  +  K)' 

AM«»« 

For  the  efficiency  oflh 
U 

(A  +  Kr 

A      _V  —  y' 

Mny' 

A  +  R           y      ' 

.(5.) 


(6.) 


(7.) 


(8.) 


From  which  it  appears  that  the  efficiency  of  the  engine  approxi- 
mates towards  unity  as  the 
fsu^r  A  increases;  but  at 
the  same  time  the  c^bsolvte 
work  performed  diminishes 
without  limit. 

398.  RotatlBg  IM«e  Ste- 
gtee. — This  machine,  the 
simplest  of  all  electro-mag- 
netic engines,  but  hitherto 
used  in  the  lecture  room 
only,  is  the  result  of  a  dis- 
covery of  Arago's.  In  fig. 
174,  N  and  S  are  the  nor& 
and  south  poles  of  a  per- 
manent magnet,  so  shaped 
as  to  approach  veiy  near  to 
the  two  £BM>es  of  a  copper 
disc  D,  near  its  lower  edge;  that  disc  turns  on  an  axis  A^  whose 
bearings  (not  shown  in  the  figure)  must  rest  on  insulating  supports. 
The  lower  edge  of  the  disc  between  the  poles  of  the  magnet  dips 


Fig.  173. 


Fig.  174. 


DISC  ENGINE — ^BAB  ENGINE. 
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into  a  cup  M,  oonteining  mercury.  C  and  Z  are  conducting  wires, 
connecting  respectiyelj  the  axis  of  the  disc  and  the  mercury  in 
the  cup  with  the  electrodes  of  a  galvanic  battery.  By  the  ar- 
rangement shown  in  the  figure,  an  electric  current  is  made  to  pass 
fix)m  the  positive  electrode  to  the  axis  of  the  disc;  thence  through 
the  disc  to  the  mercury,  and  thence  to  the  negative  electrode  of  the 
battery.  The  action  of  the  poles  of  the  magnet  on  the  disc  is  shown 
by  the  diagram,  fig.  175.  S  is  the  magnet,  with  the  south  pole 
exposed  to  view;  the  arrow  head  on  the  circle  shows  the  direction 
of  the  revolving  current  to  which  the  magnet  is  equivalent.  A  B 
and  A  E  are  two  portions  of  the  current  in  the  disc,  from  the  axis 
to  the  mercury.  According  to  the  principle  that  currents  in 
the  same  direction  attract  each  other,  and  currents  in  opposite 
directions  repel  each  other,  the  magnet  attracts  A  B  and  repels  A  E, 
and  so  keeps  up  a  continuous  rotation  of  the  disc  in  the  direction 
B  E.  The  direction  of  rotation  can  be  reversed  by  reversing  the 
current;  that  is,  by  connecting  A  with  Z  and  M  with  C. 

399.  Botating  Bar  Bagiae. — ^This  machine,  the  invention  of  Mr. 
Webster,  is  shown  in  fig.  176.  NS,  NS, 
are  two  semicircular  permanent  magnets 
fibced  within  a  frame  of  brass  or  other  dia- 
magnetic  material,  and  having  two  gaps 
between  their  pairs  of  contiguous  poles, 
which  are  similar,  as  indicated  by  the 
letters.  M  is  a  mercury-cup  of  non-con- 
ducting material  on  a  pedestal;  it  is 
divided  into  two  parts  by  a  diametral 
non-conducting  partition,  in  the  plane  of 
the  permanent  magnets,  as  shown  in  fig.  j-    ^^g 

In  the  centre  of  the  cup  stands  a 


177. 


pivot,  on  which  rotates  the  horizontal  soft  iron  bar  A  B;  the  two 
arms  of  that  bar  are  encircled  by  the  two  portions  of  a  long  coil  of 
conducting  wire.  The  two  ends  of  that  coil  dip 
into  the  two  halves  of  the  mercury  cup,  which 
halves  are  connected  with  the  electrodes  of  a  battery 
by  the  wires  C  Z.  The  ends  of  the  soft  iron  bar 
pass  between  the  poles  of  the  permanent  magnet,  so 
as  to  come  very  near  them,  but  not  to  touch  them. 
To  pi-oduoe  rotation  in  the  direction  indicated  by  the  arrow,  the  coil 
round  the  bar  A  B  is  so  arranged  that  when  the  end  A  is  moving 
from  SS  to  NN,  and  the  end  B  from  NN"  to  SS,  Aisasouth 

A 


pole,  and  B  a  north  pole. 
(  attracted  )  ,      ^x  -kx 


^      ^  y^Google 

At  the  instant  that  the  ends  of  im  baz 
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pass  tbe  poles  of  tlie  permanent  magnets,  tlie  ends  of  the  coil  pas 
over  the  diametral  partition  into  the  opposite  halves  of  the  mercnrj 
cup;  the  current  through  the  coil  is  reversed,  and  reverses  the 
magnetism  of  A  B,  and  Sie  attractions  and  repulsions  between  its 
polee  and  those  of  the  permanent  magnets;  and  so  the  rotation  is 
kept  up.  To  reverse  the  rotation,  the  connections  between  the 
halves  of  the  mercurj-cup  and  the  electrode  are  reversed. 

400.  The  Plaacer  BbcI"«9  invented  by  Mr.  Froment,  and  made 
by  Mr.  Bourbouze,  is  represented  in  figures  178,  179,  and  180. 


It  is  now  used  to  a  considerable  extent  in  France,  for  driving  small 
machines  in  places  where  it  would  be  inconvenient  to  have  a  steam 
engine  with  its  furnace  and  boiler.  It  bears  some  analogy  in  its 
form  and  arrangement  to  a  steam  engine  with  four  cylinders^ 
pistons,  slide  valves,  beam,  crank,  and  eccentric. 

Fig.  178  is  a  side  elevation;  ^g,  179,  an  end  view,  showing  two 
of  the  (flinders;  fig.  180,  a  plan  of  the  four  cylinders. 

A  A,  B  B,  are  four  soft  iron  hollow  cylinders,  enveloped  in  coils 
of  conducting  wire;  CO,  DD,  are  horse-shoe  magnets,  each  of 
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wiach  is  so  shaped  that  its  ends  form  a  pair  qf  cylindrical  plungers, 
moving  up  and  down  in  the  hollow  (flinders,  with  just  freedom 


Fig.  179. 


Fig.  180. 


enough  to  prevent  contact;  H  G  F  E  is  the  beam,  from  which  the 
magnetic  plungers  are  hung ;  F  its  centre ;  H  K  the  connecting 
rod;  K  L  the  crank;  L  the  shaft  and  eccentric.  The  shaft  carries 
a  fly  wheel. 

a  &  a  is  a  slide  moved  by  the  eccentric,  the  parts  a  a  being  of  ivory, 
and  b  of  metal ;  cdo,  conducting  wire  firom  the  metallic  part  b  of  the 
slide  to  the  negative  electrode ;  p,  conducting  wire  from  positive  elec- 
trode; q  Uy  conductors  from  p  to  the  coil  round  A  A ;  rm,  conduc- 
tors from  p  to  the  coil  round  B  B;  ^,  conductor  fit)m  the  opposite 
end  of  the  coil  round  A  A,  terminating  in  the  spring  e,  which  presses 
on  the  slide  aba;  h,  conductor  from  the  coil  round  B^  terminating 
in  the  spring^  which  presses  on  the  slide  aba.  The  reciprocating 
motion  of  l£e  slide  establishes  the  electric  circuit  through  the  coils 
round  A  A^  and  round  B  B,  alternately^  and  thus  magnetizes 
alternately  those  two  pairs  of  hollow  cylinders,  which  attract 
alternately  the  two  pairs  of  magnetic  plungers,  CO,  D D,  and 
give  a  reciprocating  mQtion  to  the  beam,  and  a  rotatory  motion  to 
the  shaft. 
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Addendum  to  Article  357,  Paob  500. 

CmtUm  Talres  mmA  OMurtef. — In  the  Corliss  valyes  the  TalTS-fleat  is  oC  the 
form  of  A  hollow  cylinder,  and  the  valve-port  is  an  ohlong  opening  in  one  side  of 
that  cylinder.  The  valve  itself  is  of  the  form  of  a  sector  of  a  oj^der  of  audi 
dimen^ons  as  may  be  reqoirBd  in  order  to  cover  the  port  sufficiently;  and  the  valve- 
fiioe  is  a  cylindriod  snrfooe  accurately  fittmg  the  hollow  cylindrical  seat  In  the  axes 
of  the  cylindrical  snrfiuxs  of  the  valve  and  its  seat  there  is  a  spindle,  about  which  the 
valve  rotates  with  a  reciprocating  motion  through  an  angle  sufficient  to  make  it 
alternately  open  and  dose  the  port  Motion  is  given  to  the  valve  by  means  of 
levers  and  link-work  worked  by  an  eccentric. 

The  cylinder  of  a  steam  engine  is  fitted  with  four  Corliss  valves,  two  for  admisrion 
and  two  for  exhaust,  all  of  which  are  worked  by  one  ecoentric.  The  two  exhaust 
valves  are  simply  opened  and  closed  alternately  with  a  motion  like  that  of  an  ordinary 
slide-valve.  The  two  admission  or  steam  valves  are  opened  in  the  same  way,  each 
by  means  of  a  rod  pnllhig  at  a  lever.  But  the  rod  is  connected  with  the  lever  l^ 
means  of  a  detent  which  can  be  made  to  let  go  its  hold  at  any  period  of  the  stroke 
by  the  action  of  a  stud  or  wiper,  whose  position  is  regulated  by  means  of  the  speed- 
governor;  and  the  valve  at  that  instant  is  closed  by  the  action  of  a  spring  so  as  to 
cut  off  the  admission  of  steam.  In  order  to  prevent  the  shocks  which  i^ght  arise 
fix>ra  the  too  sudden  doeing  of  the  valve,  the  speed  is  moderated  by  means  of  the 
resistance  of  the  air  to  behig  forced  through  a  bole  in  a  small  cyluider  or  dash-pot 
whose  piston  is  connected  with  the  spring  for  closing  the  valve.  The  suddenness  of 
the  actUQ  of  the  governor  is  also  moderated  by  means  of  a  dash-pot  containing  a 
liquid. 

This  system  of  valves  and  valve-gear  is  remarkable  for  the  smallness  of  its  fHction, 
the  accuracy  with  which  the  proper  form  of  expansion  diagram  is  produced,  and  the 
precision  with  which  the  speed  is  regulated  through  the  action  of  the  govemor  upon 
thecnt-ofi^ 


Addendum  to  Articles  56,  56,  and  337;  Pages  63  and  480. 

laockiwBMie  C}«vcnMn. — ^The  ordinarv  governor  is  not  isoohronoiis ; 
for  when,  in  order  to  adapt  the  opening  of  the  r^ralator  to  different  loads,  it 
rotates  with  its  revolving  pendmums  at  different  angles  to  the  vertical  axis, 
the  altitude  h  (=BG  in  ng.  7,  page  26)  assumes  different  valne^  corre- 
sponding to  different  speeds.  Tho  following  are  expedients  for  diminishing 
or  removing  this  defect : — 

L  Loaded  Oovemor  (Porter's). —Prom  the  balls  of  the  common  covemor, 
whose  collective  weight  is  (say)  A,  let  there  be  buns  by  a  pair  of  links  of 
lengths  equal  to  the  pendulnm-anns,  a  load,  B,  capable  of  sliding  up  and 
down  the  spindle,  ana  having  its  centre  of  gravity  in  the  axis  ofrotation. 
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Then  the  oentrifngiJ  Ibroe  Ib  that  due  to  A  alcme ;  and  the  effect  of  gravity 
that  due  to  A  +  2  B ;  consequently  the  altitude  for  a  given  speed  is  increased 
in  the  ratio  A  +  2  B :  A  as  compared  with  that  of  a  simple  reydving 
pendulum ;  and  a  given  absolute  variation  of  altitude  in  moving  the  regulator 
produces  a  smaller  proportionate  variation  of  speed  than  in  the  common 
governor. 

n.  Pcarabolic  Cfovemor.-^Ia  fig.  B^  let  BX  be 
the  axis  of  the  spindle,  and  E  the  centre  of  one  of 
the  balls,  which,  as  it  moves  towards  or  from  the 
spindle,  is  ffuided  so  as  to  describe  a  parabolic  arc, 
KE,  with  tiie  vertex  at  K.  Let  E  F  be  a  normal  to 
the  parabola,  cutting  the  axis  in  F.  The  vertical 
he^nt  of  F  above  K  is  constant,  beinff  equal  to 
twice  the  focal  distance  of  the  parabola ;  nence  this 
covemor  is  absolutely  isochronous.  The  balls  may 
be  c|uided  by  hanging  each  of  them  by  means  of  a 
flexible  spring  from  a  cheek,  L  H,  of  the  form  of  the 
evolute  of  the  parabola.  To  find  a  series  of  points  in 
the  ^irabola  and  its  evolute ;  from  the  vertex  K  lay  • 
offKA  =  KB  =  jA;A  will  be  the  focus,  and  the 
horizontal  line  BY  the  directrix.  Draw  AC 
parallel  to  an  intended  position  of  the  ball-rod; 
bisect  it  inD;  draw  D  E  perpendicular  to  A  C,  and  CE  parallel  toBX;  E 
will  be  a  point  in  the  parabola,  and  E  D  a  tangent.  Then  parallel  to  C  A, 
draw  EF ;  this  will  be  a  normal,  and  a  position  of  the  ball-rod.  From  F, 
parallel  to  DE,  draw  FG,  cutting  CE  produced  in  G;  and  from  G, 
parallel  to  B  Y,  draw  G,  cutting  E  F  produced  in  H ;  this  will  be  a  point  in 
the  evolute.  Li  Farcot's  governor,  the  rod  E  H,  in  its  middle  position,  is 
hung  from  a  joint,  H,  at  the  end  of  an  arm,  M  H  j  this  gives  approximate 
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ni.  Adjustable-Speed  Governor  (Rankine's).— In  this  form  of  governor 
(see  fig.  C)  tiie  four  cen- 
trifrigal  balls  marked  A 
are  balanced,  as  regards 
OTavity,  about  the  joint 
C  on  the  spindle  XX 
B,  B  are  shders  on  the 
baUrods;  D  B,  D  B, 
levers  jointed  to  the  slid- 
ers centred  on  a  point  in 
the  spindle  at  D,  and  of  a 
lengthDB  =  CD;  F,  a 
loaded  circular  platform 
hungbylinksBE,  BE; 
G,  an  easy-fitting  collar, 

1'ointed  to  the  st^yard- 
ever  GH,  whose  ful- 
crum is  at  H;  E,  a 
weight  adjustable  on 
this  lever.  This  gover- 
nor is  truly  isochnmous ; 
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S^e^Iititude  h  oFa  reVolving  pendulum  of  equal  speed  is  given  by  the 
equation  ^  I 

Digitized  by  LjOOQ IC 


552 


APPENDIX. 


At- 


ACA*. 


in  which  A  is  the  odlleetive  weight  of  the  oentrifngal  masses,  end  B  the  losd^ 
mispeDded  directly  it  B,  to  wluch  the  actosl  load  is  statically  eqoiymleiLt. 
The  load  B,  and  consetjnenthr  the  altitude  and  the  speed,  can  be  varied  at- 
will,  b^  shifting  the  weight  ]f ;  which  can  be  doois  either  by  hand  or  by  the 
eAgnie  itsell  The  reffolator  may  be  acted  on  by  the  other  end  of  the  lerer 
OH.  The  Isirers  DB,  D B^  shcnld  he  horizontal  when  in  their  middle 
positioQ;  and  then  the  ball-rods  will  slope  at  angles  of  45^ 

rV.  Spring  Chvemon  (Saver's,  Weir's,  Sir  W.  Thomson's,  &a)~In  this 
class  of  sovemors,  which  are  specially  snited  for  use  on  board  ship,  th» 
action  offlravity  on  the  revolving  wmses  ought  either  to  be  balanced,  or  to 
be  made,  by  rapid  rotation,  so  small  compared  with  the  centrifugal  lx»ce  as 
to  be  unimportant.  The  centrifugal  force  is  opposed  by  springs.  To  make 
such  a  governor  absdutelv  isochronous,  the  tension  of  the  springs  ought  to 
vary  in  the  simple  ratio  of  the  distance  from  the  centres  of  the  revolving 
)to  the  axis. 


Addendum  to  Abticlb  365,  Paqb  508. 

^  The  BJ^ct^r  C^a^eaMr  (invented  by  Mr.  Alexander  Morton)  consists  essen- 
tially of  two  conoidal  nozzles,  one  within  the  other,  and  pointing  the  same 
way.  The  inner  nozzle  brings  izgection-water  from  the  oda-water  tank;  and 
the  lectional  area  of  its  outl^  is  nearly  that  given  by  the  rules  of  Article  365. 
The  outer  nozzle  receives  the  waste  steam  from  the  cvlinder ;  the  diameter 
of  the  throat,  or  narrowest  part  of  its  outlet,  ui  a  littfis  greater  than  that  of 
the  cold-water  nozzle.  Beyond  the  throat  it  widens  slowly  in  a  trumpet- 
mouthed  form,  its  diameter  at  the  mouth  being  about  tnree  times  the 
diameter  at  the  throat.  If  there  are  two  cylinders,  there  is  an  intermediate 
nozzle,  so  as  to  divide  the  steam  coming  from  one,  from  that  coming  from 
another.  The  condensation  soes  on  in  the  siMice  between  the  outlet  of  the 
cold-water  nozzle  and  the  throat  of  the  outer  nozzle.  The  vacuum  is  at 
least  as  good  as  in  the  conmion  condenser.  The  momentum  of  the  o<dd 
water  ana  of  the  waste  steam  carries  the  whole  condensation-water,  together 
with  the  air  it  may  contain,  through  the  throat  of  the  outer  nozzle,  and  out 
at  the  trumpet  mouthpiece ;  and  the  power  required  to  work  an  air-pump 
is  saved:  as  to  which,  see  page  509.     (See  Traru,  IiuL  Eng,  ScoL,  1868-69.) 


Addendum  to  Article  289,  Page  407. 
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^-....^w.  ef  aMeam  (see  ^e.  D).~Draw  a 
straight  line  G  A  B.  in  which  mi&e  A  B  »  4  A  C. 
Draw  A  D  perpendicular  to  C  A  B;  and  about  O 
describe  the  circular  aro  B  D  cutting  A  D  in  D. 
Then  in  D  A  take  E,  so  that  D  E-i-  D  A  shall 
represent  the  effective  ciito^(and  consequently 
D  A-7-D  £  the  rate  of  expansion).  At  E  draw 
EFparallel  to  AR  Then  EP~ABwill  be 
the  required  ratio  of  mean  to  initial  absolute 
pressure^  nearly. 
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L — ^Tablb  or  Heiohts  dxtb  to  Yslocitibb. 


'    KZFLAKATION  OF  ST1EB0L8. 

V  :=  Yelociiy  in  feet  per  second. 
h  s:  Height  in  feet  ^  v'  -i-  64*4. 

This  table  is  exact  for  latitude  5i^l,  and  near  enongh  to  ezact- 
for  practical  purposes  in  all  parts  of  the  earth's  sur&ce. 
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.* 

• 

I 

-oiSSS 

27 

11*320 

54 

2 

"06211 

28 

12174 

56 

3 

•13975 
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13^59 

58 
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•2484s 
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Table  of  the  ELAsncmr  of  a  Perfect  Oa& 


EZFLAKATIOir  OF  STMBOLS. 

T. — ^Temperature,  measured  from  the  ordinary  aero. 
1 — Absolute  temperature,  measured  from  the  absolute  sera 
P. — ^Pressure  of  a  perfect  gas  in  pounds  avoirdupois  on  the  square 
foot 

Y. — ^Volume  of  one  pound  avoirdupois  in  cubic  feet. 

PV. — Product  of  these  quantities  at  any  given  temperature. 

PqY^ — ^Yalue  of  that  product  for  the  temperature  of  melting  ice. 
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ABSOLim  tempentare  (toe  Tampcnitiire), 

Atwolnte  lero,  328. 
Aeodenting  ^fibrt,  88. 
Aooaleratioii,  la 
Aetaal  enerrf ,  86. 
Adheskm  ofloeomotiTei,  528. 
Adiabntio  lines,  802, 8U. 

lor  air,  845. 

for  stasm,  988. 
JBthv  (8M  £th«r> 
Air  engines,  845. 
Air  engine,  perfect,  847, 862. 

tempermtore  changed  at  constant  pres- 
sure, 854. 

temperatore  changed  at  constant  Tolome, 

beattrsnsferredateonstant  pressors,  871. 
Air,  expansion  and  elsstidty  of,  229. 

for  furnaces;  sapplr  and  distxibation  of, 
280,  281,  285,  ftl. 

flow  of,  824. 

passages,  459. 

thermal  lines  for.  845. 

thermodynsmio  ronction  for,  846. 

thermodTnamio  properties  of,  818, 819. 

Tessels,148. 
Alr-pnmp,  482,  508. 

pomp  Talyes,  128. 
Angular  motion,  8. 

Tdocit7/  4. 
Animals,  power  of,  81. 
Anthraote,  275  (see  Fuel> 
AriL274. 

pit,  450, 458. 
Anes,  work  of,  89. 
Atmospheric  pressors,  109,  225. 
Availaole  heat  of  oombostion  (sse  Com- 

bostion^ 
A»8,  permanent,  27. 
Axles,  strength  of,  75,  78, 79. 

Back  pressore  (see  Steam,  Back  Pres- 
sors of). 

Backwater  of  mill  pond,  151. 

Bafflers,  261,  451. 

BaUmce  of  oentrifogal  forces  and  oooples, 
27. 
of  effort  and  nsistance,  81. 

BaUelaok,120. 


Ban,  strength  otf  66. 
BaUerj,  galvanic,  543. 
Beam  of  steam  enmne,  483,  510). 
Beams,  strength  of,  75. 
Binary  Tapoor  engmes,  444. 
Bitomhioas  ongnents,  16. 

ingredients  of  fosL  278. 

coal,  275  (see  Fod). 
Bl«tpip^218.285,m48l,53l. 
Blmd  coal,  265  (sse  Foal). 
Blow  throogh  Tatre,  481. 
Blowing  apparatos  for  ftmaoss,  282,  290, 

Blowing  off  apparatoi,  458, 464,  521. 

in  locomotives,  580. 
Boiler*  parte  and  appendaces  of,  451. 

beating  sorfooe  m  (see  Heating  Sorfoce). 

horse-power  of  (sse  Nominal   Horse- 
power). 

room,  462. 

shell,  451, 459. 

sUys,  69,  455, 459. 
BoDers,  effideni^  of,  290. 

and  fomaces,  general  arrangements,  449. 

examples  of,  469. 

strength  of,  67,  70,  459,  466. 
BoiUng  points,  225, 285,  237, 241. 

resistance  to,  of  brine,  242. 
Bolts,  strength  of,  66, 69,  71. 
Brakes,  52. 
Breast  of  a  water  whed,  184. 

wheels,  high,  160, 177. 

wheels,  low,  161. 
Bridge  of  furnace,  450.  452. 
Brine,  boiling  points  of^  242. 

blowing  o£  458. 464. 

pomps,  458,464. 
Bocket  hoist,  105. 

Bockets  of  water  wheels,  162, 180, 188. 
Boming  (see  Oombostion)* 
Borsting  (see  Explosion). 
Botterfl/  dsek,  128. 

Calorimetirs  for  measoring  qoantitiet 

of  heat,  244. 
Capacity  for  heat  (see  Specific  Heat> 
Carbon,  268,  272,  278. 
Carbonic  acid  gas,  expansion  and  dastidtj 

of,  229. 
add  gas,  269.      Digitized  by  Google 


570 


IKDEX. 


Gaibonio  oxide,  269. 
Cataract,  486,  524. 
Centrifogal  force,  27. 

couple,  27. 
Channel,  flow  of  water  in,  154. 
Charcoal  274  (see  Fuel). 
Chemical  action,  energy  of,  267,  540. 
Chemnitz  (see  Schemmtz). 
Cheral,  force  de,  2. 
Chimney,  285,  288,  451,  459. 
Clacks,  117. 

componnd,  144 

reUef,  144. 
Clearance.  418. 
Clothinfl[  tor  boilers,  455. 

for  cylinderB,  481. 
Clondy  vapour,  242. 
Coal,  275(860  Fuel). 
Cocks,  126. 
Coke,  275  (see  FneH. 
Cold  well,  48L 

water  pump,  481, 508. 
Collar,  leather,  128. 
Columns,  strength  of,  73. 
Combined  engines,  482. 
Combustion,  267. 

air  required  for,  280. 

aTailable  heat  of,  290. 

rate  of,  284. 

total  heat  of,  267,  270,  277. 
Compression  (see  Cushioning). 

heating  by,  819. 
Concentric  cylinder,  502. 
Condensation,  241. 

at  high  pressure,  412. 

of  steam  during  expansion,  385. 

surface,  265. 

water,  net,  389,  401. 

water,  total,  481,  507. 
Condenser,  481,  507,  562. 

surface,  481,  509. 
Condensing  engines,  478. 
Conduction  of  heat,  257. 

in  cylinders,  421. 
Conical  valve,  118,  485. 

divided,  120. 
Connecting  mechanism  of  steam  engmes, 
510. 

«)d,482. 

rods,  strength  of,  74. 
Contraction  of  stream,  94,  102,  150,  156, 

324. 
Convection  of  heat,  261. 
Cooling  surface,  265. 

by  expansion,  319. 
Cornish  boiler,  472. 

pumping  engine,  37,  523. 
Counter,  552. 

Counter-pressure  steam,  588, 
Cranes,  hydraulic,  133. 


Crank,  482,  511. 

effort  on,  511. 
Cranks,  strength  of,  75,  79. 
Croas  breaking,  resistance  to,  75. 
CroBS^heads  rnd  taOa,  strength  of,  75. 
Crushing,  resistance  to,  72. 
Crust,  internal,  in  boiler  (see  Depoot). 

external  468. 

increaaea  consumptioa  of  fuel  oaosed  bj. 
468. 
Current,  water  wheel  in  an  open,  188w 
Cushionmg  the  fluid  in  engines,  886, 864* 

steam.  420. 
Cut  off  (see  Steam,  action  of). 

valve  (see  Expansbn  valve). 
Cylinder,  322,  480, 500. 

cover,  481. 

strength  of,  67,  500. 
CylindiW  boiler,  470-474, 476. 

Dampers,  451, 455. 
Dead  plate,  282, 440, 458. 

poims,512. 
Deposit  m  boOers,  467 
Detached  foinaoe  boiler,  279, 288, 449, 458, 

475. 
Deviating  fbroe,  26. 
Diagram,  indicator  (see  Indicator). 
Diaphragm  valves.  126. 
Direct  acting  en^^  480,  512, 518, 520, 

525. 
Disc  and  pivot  valve,  123. 

electro-magnetic  engine^  546. 

steam  en^e,  482,  oOi, 
Donkey  en^e,  464. 
Double  actmg  steam  engine,  50, 479. 

beat  valve,  120,  485, 500; 

cylinder  steam  engine,  50, 481, 501,  503. 

furnace  boilers,  282,  478,  474,  476. 

piston  engine,  508. 
Draught  of  furnace,  285. 
Drowned  weir,  151. 
Dry  coal,  275  (see  Fuel). 
Duplex  c^lindo',  502. 
Dynamometers,  40, 80. 

EBULLrnoN,  24L 

Eccentric  490. 

loose,  491. 
Economizer  (see  Begaoentor). 
Eduction  valves,  480,  486. 
£ffM^40. 
Efficient^,  86. 

oonditions  o£  greatett,  in  heatHBgfaiM, 
344. 

ofa£aUofwater.  9L 

of  air  engines,  845. 

of  electro^magn^io  < 

of  furnace  ana  boiler,  i 

of  mechanism,  422. 
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££Bdenc7  of  propellers,  550. 

of  steun,  475  (see  also  Steam,  action  of). 

of  the  fluid  in  neat  engines,  352, 842. 

of  turbines,  198. 

of  yertica]  water-wheds,  174. 

of  windmills,  218. 
Efibrt,80. 

Elasticity  of  ^^ases,  229. 
Electro-chemical  drcoit,  542. 
Electro-masnetic  attractions  and  repul- 
sions, 544. 

bar-engine,  547. 

diso-engine,  546. 

engines,  689. 

engines,  efficiencj  <^  544. 

engines,  their  eost  of  workmgf  as  oon- 
parea  with  heat-engines,  &U. 

plunger-engine,  548. 
Electro-motive  force,  543. 
Enexsj,  actual,  85,  580. 

and  work,  eonalitj  of,  S2,  840. 

intrinsic,  818. 

law  of  the  transfbnnation  of,  309,  540. 

of  chemical  action,  267,  540. 

of  heat,  299. 

potential,  82,  589. 
Equilibrium  valTe,  122,  486. 

slide-yalTe.  489. 
Equivalent,  oynamical,  of  heat,  299. 
Equivalents,  chemical,  267. 
Escape  valve,  481. 
Ether,  formulas  for,  287,  445. 

and  steam  engine,  444. 

toblefor,V.,668. 
Evaporation,  235,  241. 

factors  of,  256. 

latent  heat  of  (see  Latent  heat). 

measurement  of  heat  by,  254. 

total  heat  o^  258,  827. 
Exhaust  port,  487. 
Expansbn  hj  the  slide  valve,  491. 

cooling  bv,  819. 

free,  822. 

latent  heat  of  (see  Latent  heat). 

of  eases,  229. 

of  Squids,  232. 

of  solids,  284. 

valves,  480,  498,  499. 
Expulsive  action  of  heat  in  fluidfl^  810. 

action  of  steam  (see  Steam,  action  of,  on 


Explosion  of  bdlers,  466. 

Fall  of  water,  91. 

enerfi^  of,  98. 
Fan  blower,  290. 
Fan  steam  engine,  588. 
Feed  apparatus,  452,  464, 552. 

pump,  452,  464. 
Feed-water  heater,  262, 294, 465* 


Feed-water,  net,  .889, 40L 

total,  464. 
Fifth  powers  and  squares,  157. 
Fire  bars  (see  Grate). 
Fire  box,  449,  452. 

strength  of,  69. 
Fire  doors,  279,  282,  450,  458. 
Fire,  temperature  of,  288. 
Firing  furnaces,  281,  291. 
Flame,  278. 

chamber,  flame  bed,  450.  > 

Flap  valves,  122, 123. 
Flexible  tube  valves,  126. 
Flexure,  moment  of,  75. 
Float  in  boUer,  458. 
Flow  of  ahr,  324;  of  steam,  298,  xlv. 

of  water,  measurement  of,  92. 
through  channel,  154. 
through  pipes,  118. 
Flues,  450,  452,  461. 

strength  of,  70. 
Fluid  condition,  286. 
Flj  wheels,  59,  482. 
Foot-pound,  1. 
Frame  and  mechanism  of  engine,  strength 

of,  520  (see  Strength). 
Friction,  14^ 

heat  produced  by,  18, 299. 

of  fluids,  56,  99. 
Fuel,  ingredients  of,  278. 

available  heat  of  combustion  of,  290. 

kinds  of,  274. 

rate  of  combustion  o^  284. 

supplv  of  air  to,  280. 

total  neat  of  combustion  of,  277. 

waste  of,  290. 
Furnace  (see  Combustion  and  Fuel). 

and  boUer,  efficiency  of,  290, 406,  409. 

and  boiler,  general  arrangements  of,  449. 

efficiency  of,  in  air  engines,  860,  370. 

examples  of,  469. 

front,  450,  458. 

gas  engine,  374. 

height  of,  457. 
Furnaces,  parts  and  appendages  of,  449. 
Fusible  plug,  454. 

Fusion,   temperatures   of  (see    Melting- 
points). 

latent  heat  of  (see  Latent  heat). 

Oab,  490. 

Gas,  perfect,  226,  556. 

Gases,  elasticity  of,  229,  810,  554,  556. 

flow  of,  824. 
Gaseficabon,  total  heat  of,  255,  827. 
Gas-engine,  447. 
Gasket,  129. 

Governors,  68, 153,  480L  551. 
Grate,  285, 449,  *.  ^  , 

Grates,  moving  288,  HJ^d  by  LiOOgle 
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GnTitj,l«. 

QvklM  forpkon  rod,  488, 51S. 
GyntMB,  ndini  of,  28. 

Hbad  of  water,  9L 
Head,  loaa  ot,  100. 
Hearth.  449, 457. 
Heat,SU. 

cngioes,  8SS,  88S. 

eoginea,  aefekm  of  fluid  onj^too,  837. 

djDamical  eqiuTalent  of,  299. 

latent  (aee  Latent  heat> 

mechanical  actioa  of  (aee  Tliennodj- 
namice). 

quantitiea  of,  248,  800. 

apedfic  (aee  Speofio  heat). 

total  aotaal,  8C8. 

tranaftr  o^  257. 

unit  of^  244. 
Heating  fllrfac^  262, 298,  461. 

total  and  efiective,  462. 
Heisht  dne  to  Tdodtr,  21. 

t2)]eof;558. 
Hempen  packing,  129. 
High  pressure  steam  enginea,  478. 
Hoiat,  water  bocket,  105. 
Hoiata,  water  pressure,  188. 
Horae  engine,  650. 

power,  2,  40,  60  (aea  alao  Indicated 
power). 

power,  efiectire,  of  steam  en^ne,  422. 

power,    nominal  (aee  Kommal  horse- 
power). 
Horaea,  work  of,  88. 
HotweU,482. 
Hungarian  machine,  144. 
Hydranlio  cranes,  188, 188. 

hoists,  188. 

press,  66, 129. 

jNPesa,  atrength  of,  69. 

pnrchasea,  188. 

ram,  211. 
Hjdrocarbona,  as  nngnenta,  16. 

as  fuel,  278. 
Hydrogen,  268,  269,  272,  278. 

IcB,  melting  of,  225,  831. 
Impulse,  20. 

of  fluids,  211. 

of  water,  168,211. 
Indicator,  steam  engine,  47. 

friction  of,  422. 

position  of,  422. 
Indicated  power,  50,  51,  882,  839,  875. 
Indicator  aia^;ram,  theoretical,  875. 

diagram,  disturbances  of,  417. 
Induction  TalTes,  480,  486,  550. 
Inertia,  21. 
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Inertia,  momeni  0^  22. 

laduoed,  28. 
Inlectioa  TalYO,  481, 508. 
Iigector,  477. 
Integrak,  appRndmato 
IaoSibatioBne8,845. 
laothannal  Bnaa,  802. 

Jacket  romd  ateam  e^finder,  895, 48L 
Ja^eted  cylinders,  action  of  ataam  in  (aoa 

Steam,  dry  aaturate^ 
Jet  pump,  218. 
Journala,  friction  of,  16. 

strength  of,  76, 79. 
Junk  ring,  129. 

KsTt,  atmgth  of,  71. 

Kilognunmiire,  1. 

Knot,  or  nantical  mile,  per  hour,  2. 

Lap  of  elide  Talre,  491. 

Latent  heat  of  expansion,  250, 309, 812,819. 

heat  of  eraporation,  252, 826,  659, 563, 
664. 

heat  of  fusion,  250,  88L 
Lead  of  slide  ▼alTe,49L 
Leather  collar,  128. 

packed  piaton,  128. 
LeVera,  strength  ot  76. 
Unk  motion,  497, 550. 
Liquefaction  Uft  Condensation). 
Liquid  stote,  285. 

water  m  cylmder,  efieote  o^  895, 42L 
Liquids,  expansion  o^  282. 
Locomotire  steam  eoginea,  469,  528. 

adhesion  of  wheels,  628. 

air,  aupply  of,  281. 

back  pressure  in,  882. 

balancing,  580. 

blast  pif«,  688. 

combustion  in,  285. 

condensing.  412. 

efficiency  of  furnace  and  bofler,  238. 

examplea  (rf",  682. 

expanakm  in,  49L 

furnace  and  boiler,  449, 466,  467,  459, 
460,  468. 

heating  cylinder,  896. 

Bnk  motion,  497, 587. 

regulator,  485. 

resistance  of  regulator,  413. 
of  engine  and  train,  629, 688L 

safety  valT«,  465. 

smolra  burning,  282. 
Low  pceasure  steam  engmaa,  478. 

HAOHcnE,  action  o^  1. 
Man,  work  of,  84. 

hole,  462. 
Marine  bwlers,  474,  477.  _,  ,^ 

•       479,616,618.626,5881 
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llerimrUl  barometer,  jinunn  gnf*)  and 


Ma«,  zlr.,  19. 

Medumisn  of  steam  oogines,  478. 

retiatenco  and  eflkiauj  o^  422. 
Iloltinff  (see  Fosioo). 

poiBtt,  226, 286, 25L 

ronrial  barometer,  piemm 
Tacaun  gaoM,  110. 

tbermometer,  288. 
MeUlfio  paokmg  for  piitona,  406. 
Iini  poD^  160. 

iito,91,160. 
Modnlna  of  a  maohina,  89. 
Moment  of  fiictioo,  17. 

of  motion,  21. 

ofred8tanoa,8. 

Momentmn,  19. 

Monthpiaca  of  farnaoa,  460, 468, 476. 

Mod  bole,  462. 

Mnles,  work  of,  89. 

Mnltitiibalar  b<»leri  (aee  Tabular  boil«rs> 

Nominal  bone-poww  of  eng^nea,  479. 

of  boilers,  478. 
Non-oondensiog  eogiDss,  478,  480. 
Notoh  board,  now  orar,  98. 

Oil,  16 :  mineral,  as  fnel,  278,  477. 
Orifice,  flow  of  water  thron|A,  96. 
OsdUating  en^rfnea,  482,  608,  618. 
Oren,  or  detached  flmuun,  283, 449,  476. 
Orerabot  water  wbeela,  160, 177. 

wheels  at  high  speeds,  186. 
Oxen,  work  0^89. 
Oxygen,  268,  278. 

Paokimo,  hempen,  129. 

leather,  128. 

metallic,  606. 
Paddle  engines,  616-620, 688. 
Paddles,  efficiency  cKf  660. 
Parallel  motion,  482,  612. 
Passages,  resistance  o^  to  flow  of  steam, 

^17486. 


Peat  276  (see  Fn|d> 
Penotdii  <  •      ' 


dam,  rerolTing,  26. 
Petroleom  (see  Oil,  mineral). 
Pillars,  strength  of,  78. 
Pba,  strength  of,  71. 
Pipes,  flow  of  water  throagh,  112. 
Piston,  action  of  water  on,  110, 12& 

cf  water  engine,  128. 

iods,60«r^ 

strength  of,  74 

▼alraa,  126, 14U 
l^tons  of  steam  and  other  heat  engines, 
832, 480,  606. 

adTantagea  of  long  stroke,  607. 

speed  0^606. 
PiTOts,  friction  0^17. 


Pfaigrod,486. 

Plunger,  127. 

Pond,  mill,  160.. 

Ports,  steam,  418,  480,  486. 

Posts,  strength  of,  74. 

Potential  energy,  82. 

Power,  40. 

mosoular,  81. 

of  a  fiOl  of  water.  91. 

of  an  overahot  whed,  186. 

of  an  nnderahot  wheel,  188. 

oftarbhieB,198. 

of  windmills.  218. 

(see  alao  EflSdenoy). 
P^fsss,  hydraolia  66. 
Plressore,  back  (see  Back  pressore> 

pngss,110,464. 

intenaitT  of,  4. 

kwa  0^418. 

mean  efibctire,  60,  61. 

mean  eSbothre  in  air  enguMS,  868,  859, 
367,868.878. 

mean  effective  in  heat  engines,  889. 

mean  eflbctive  in  steam  enginea,  878, 888, 
899, 40L 

▼arioos  anito  o^  6, 110,  888. 
Pressnres,  costomaiy  mode  of  stating,  108, 

427. 
Prime  morers  defined,  13. 

cl&s8ed,80. 
Primmg,481. 
Proof  of  stnngth,  66. 
Proring  boilenL  4a6. 
Pomp  onkea,  o6. 
Pompiog  engines,  628, 626. 

QaAHTinu  of  heat.  248. 
of  heat  expressed  m  fbot-poonds,  300. 

Radiatiom  of  heat,  267. 

from  fnel,  228, 292. 
Ram,  hydraiulio,  211. 
Reaction  steam  engine,  638. 

of  water,  178. 

water  whed,  190, 197,206. 
Redprooating  fbroe,  86. 
Regenerator,  844. 
Regdators  (see  Thiotde  TalTe),  62, 116. 

Re£fdaok&^144. 

Resistanoe  of  electric  dromt,  643. 

of  looomotiTe  enginea  and  trains,  629. 

of  steam  engine,  422. 

of  steam  passages,  418. 

of  water  pipee  and  channels  (see  Flow 
of  water). 

to  condootion  of  heat,  267. 
Retort  boiler,  470. 
Rerersing  engines  by  loose  eocentiic,  ^1. 

bj  link  motion,  496.  ^^ 
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BiT0t8,  strength  <  71  (m  alio  Boikr 

■ImOIb). 
Botd  looomotiTMi  587. 
Boiling  resifltanoe,  17. 
BotAtiTe  steam  eoginas,  479. 
Botatory  steam  engines,  478, 482,  508. 
Bnptore,  modnlos  of^  77. 

Safbtt  Talye,  119, 454^  464. 
Sails  of  windmills,  217,  219. 
Schemnits  machine,  144. 
Scmw  engines,  528,  525. 

propeller,  efficiency  of,  558^ 
Sector  cylinders,  508. 
Sediment  m  boilers  (see  DepoiU). 

collector,  453. 
Shid%s,482. 

of  marine  engines,  520. 

strragth  0^  75, 78,  79. 
Shearing,  resistance  to,  7L 
Side  lerer  engines,  516. 
Single  acting  steam  engines,  50, 888,  884, 

889  47o 
Slide  Tafres,  184, 480, 486,  550. 

long,  487. 

short,  488. 
SKp  do^  hydranUo  pordiase  fisr,  184. 
Slnioes,  158, 156. 
Smoke,  278. 

box,  451. 

ravrention  of,  281. 
Smiting  Talre,  481. 
Solids,  expansion  of,  284. 

melting  points  o^  285. 
Soot,27£ 

Sound,  Telocitj  o^  249,  821. 
Source  of  water,  measnrement  o^  91. 
Sonroes  of  water  power,  91. 
Specific  heat  of  liqoids  and  solids,  245, 555. 

heat,  dynamical,  real  and  apparent,  807, 
816. 

heat  of  gases,  248,  818,  554. 
Spheroidalstate  of  fluids,  288. 
Starting,  88. 

Stays  (see  BoDer  stays,  Fire  box  stays). 
Steam,  action  ofl  agunst  known  resistanoe, 
438. 

action  of,  on  piston,  50,  51,  875,  877. 
887,  896,  402,  407,  410.  552,  668. 

action  of^  practical  examples,  404, 409L 

and  ether  engine,  444. 

approximate  formulsB,  893, 403, 407. 

had:  preesDre  e£  88L 

chest,  451,  460. 

density  of,  280,  826,  552,  559,  564 

dry  saturated,  action  of,  896. 

ekstidty  of,  280. 

engine,  resistanoe  and  efficiency  of  me- 
chanism, 422. 

engines  classed,  478. 


Steam  eng^ies,  parts  of,  480,  484. 
gas,  propertMsof;  255, 830,827,480,4481 
outflow  Ut  898,  xhr. 
in  non-oonducting  oylinder,  887. 
latent  heat  of,  252, 835. 


passans.  414, 485. 
pipe/llS,  454,  480. 


pressure  of  saturation  o^  887. 

room,  468. 

superheated,  or  steam  gat,  provisiimal 
theoiy  of;  430. 

tables  rekting  to  action  of,  IV.,  559 ; 
VI.,564;  VIL,VXIL,568;  IX., 441; 
X.,  442;  XI.,  443. 

tables,  interpolation  in^  880. 

thermodynamic  function  and  thatmal 
lines  for,  888. 

total  heat  of;  837. 

valye  (see  Induction  valye). 

whisde,455. 
Steel  boOsfi,  465. 
Steeple  engines,  549. 
Stop  yalye,  454, 480. 
Stopping  88. 
Stream  ^ee  Flow). 
Sti^ngth  of  maohmea,  64. 
Stroke  of  piston,  adyantages  of  long^  607. 
Struts,  iron,  78. 

timber,  74. 
Stuffing  box,  481. 
Suction  inpe,  105. 
Superheatmg  steam,  263, 438;  652. 
Surhod  blow,  456. 

condensation  (see  Cond«mntkn)L 

cooling  Tsee  Cooling  surfiue). 

heating  (see  Heating  msAaiy, 

Tappets,  486. 
Temperature,  224, 225, 806. 
Tenacity,  66. 
Testing  strength,  66. 
Thermal  lines,  803. 

for  an*,  845. 

for  steam,  888. 

unit,  244. 
Thermodjnamio  funotkna,  809, 814» 

functions  for  afar,  846. 

functions  for  steiun,  888. 
Thermodynamics,  228, 298. 

first  law  of,  299. 

general  equation  o^  810. 

second  law  of,  806,  807. 
Thermometers,  226,  282, 806. 
Throttle  yalye.  128,  485. 

resstanoe  of  to  steam,  418,  480. 
Torsion,  resistance  ta  78. 
Total  heat  of  combustion  (see  Combustion). 

of  eyapotatloE  (see  Eyaporation). 

of  gasefication  (see  Gasefiostion> 
Traction  engint^JfjGoOglc 
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Transport  of  loads  bj  mnsoolar  power,  88. 

T^answrso  stron j^th,  75. 

Treble  oylmder  engines,  603. 

Tronk,  481,  4S2. 

Tabes  of  boilers  and  tube  plates,  451,  452, 

460  461, 
Tobnlar'boUOTs,  468,  474,  476. 
Turbines,  steam,  588. 

water,  189, 201. 
Tnr^  276  (see  Fuel). 
Twirting,  resistance  to,  78. 

and  bending,  79. 

Uin>KR8H0T  water  wheels,  161, 186. 
Undnlalaons  of  indicator  diagram,  422. 
XJn^nents,  16. 

XJnjaoketed  steam  engine,  887. 
Uptake,  451,  475. 

Yaguux  (see  Pressore,  Gostomary  Mode 
of  Stating;  also  Steam,  Back  Pres- 
soieot). 

gauges,  110,  481. 

valye,454. 
Valves,  117  (see  also  Clacks> 

chest,  480. 

taring,  482, 485, 486,  490,  550. 

dide  (see  Slide  valves'). 

steam,  resistance  of,  418. 
Vanes,  impnlse  of  water  on,  168. 

best  form  of,  170. 

friction  of  water  on,  171. 
Vaponrs,  properties  of,  286,  825, 826,  554. 

angmar,  4. 

of  piston  (see  I^ston). 
Vertical-tabe  boilers,  461, 476. 

inverted  screw  marine  engine,  525. 
VOTtex  water  wheel,  191,  198,  197,  198, 
207. 

Waook  boiler,  469* 


Waste-shuoo,  158. 
Waste  weir,  150. 
Water  blower,  218. 

bucket  en^es,  105. 

bucket  hoist,  105. 

expansion  of,  bj  heat,  109. 

gauge,  454. 

impulse  of,  168. 

measurement  of  flow  of,  92. 

meters,  148. 

power,  91. 

power  engines,  97. 

pressure  en^es,  107, 138. 

pressure  hoists,  133. 

room.  462. 

tube  boilers,  461,  476. 

wheel  ^vemors,  158. 

wheel  m  an  open  current,  188. 

wheel,  vertical,  choice  of,  177. 

wheels,  horisontal  (see  Turbines). 

wheels,  vertical,  150, 160, 174, 177, 186. 
Weir,  flow  over,  93, 150. 
Windmills,  214. 
Wire-drawn  steam,  413,  417. 
Wood,  276  (see  Fuel). 

hearth  for  burning,  457. 
Workj  1. 

against  an  oblique  force,  6. 

against  gravity,  8. 

apainst  varying  resistance,  9. 

a^braical  expressions  for,  5. 

dnring  retardation,  85. 

in  terms  of  angular  motion,  8. 

in  terms  of  pressure  and  volume,  4i 

of  acceleration,  18. 

represented  by  an  area,  8. 

summary  of,  24. 

summation  of  quantities  of,  6. 

useful  and  lost,  13. 
Wrenching,  resistance  to,  78. 

Z-CRAinL  engine,  482. 
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